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This dissertation is intended as an investigation of AlGaN/GaN metal-
oxide-semiconductors-high-electron-mobility transistors (MOS-HEMTs) 
employing RF-sputtered gate insulator to suppress leakage current and obtain 
high breakdown voltage. Also, material properties of RF-sputtered films and 
interface characteristics between GaN and gate insulator were studied. In 
addition, various device structures based on the MOS-HEMTs were proposed 
to improve devices performance and their electrical properties were verified. 
AlGaN/GaN HEMTs have received a considerable amount of attention for 
high-power applications due to their wide bandgap properties, such as a high 
critical electric field, a high thermal conductivity, and a low intrinsic carrier 
concentration. In addition, an AlGaN/GaN heterostructure offers high-density 
and high-mobility two-dimensional electron gas (2DEG) by piezoelectric 
polarization between AlGaN barrier and GaN buffer layer, meaning that 
   
ii 
AlGaN/GaN HEMTs exhibit a high breakdown voltage and a low on-resistance. 
However, the surface leakage current by an electron trapping and trap-
assisted tunneling at the Schottky/GaN interface are critical issues in the 
AlGaN/GaN heterostructure devices. Suppression of the leakage current and 
high breakdown voltage are indubitably important to achieve a low off-state 
power loss and high-conversion efficiency without device failure. The MOS is 
suitable structure for the high-voltage AlGaN/GaN HEMTs because the gate 
insulator suppresses the leakage current and effectively prevent the parasitic 
diodes operation from gate-source and gate-drain SBDs. 
The RF-sputtered HfO2 was studied for uses in the gate insulator of the 
AlGaN/GaN MOS-HEMTs and sputtering conditions such as sputtering power 
and working pressure were optimized. The electrical and materials properties 
of HfO2 at the various sputtering conditions were verified by X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS), and Auger electron 
spectroscopy (AES). Also, the effects of post-deposition annealing (PDA) on 
the HfO2 were investigated. The high breakdown voltage in the test pattern 
including 15 nm-thick HfO2 on p-type Si substrate was increased from 42 to 
78 V after PDA at 900 oC for 2 hours. 
The AlGaN/GaN MOS-HEMT-on-Si using RF-sputtered HfO2 gate insulator 
exhibited the high breakdown voltage of 1524 V, the low drain leakage current 
of 67 pA/mm at VDS= 100 V and VGS= –10 V, and high on/off current ratio of 
2.37×1010 while the conventional HEMT had 470 V, 192 μA/mm, and 7.61×103, 
respectively. The improvement mechanism of breakdown voltage through 
HfO2 gate insulator was studied by measuring various electrical 
characteristics. This was done with the separated two-factors including 
passivation effects and blocking capability of HfO2 gate insulator. Both 
forward- and reverse-gate blocking characteristics of the AlGaN/GaN MOS-
HEMTs using HfO2 gate insulator were evaluated. In addition, suppression of 
   
iii 
electron trapping due to surface passivation was verified by pulsed current-
voltage (I-V) characteristics and capacitance-voltage (C-V) characteristics. 
Finally, interface traps density (Dit) was evaluated by terman’s method and 
high-frequency C-V characteristics so that Dit of 6×1012 cm–2·eV–1 at the energy 
level of 0.1 eV below conduction energy minimum.  
Au-free fabrication is promising technologies for the CMOS-compatible 
process of the AlGaN/GaN devices. Also, it has an advantage in terms of the 
fabrication cost and large-wafer process. TaN was proposed to replace the 
gold-based electrodes in the AlGaN/GaN MOS-HEMTs-on-Si. The material and 
electrical properties were verified after PDA by XRD, scanning electron 
microscopy (SEM), and 4-point probe. Also, the sputtering conditions such as 
sputtering power and working pressure were optimized to obtain the low-
resistance electrode and suppress sputtering damage to HfO2 gate insulator. 
The TaN-gate AlGaN/GaN MOS-HEMTs with 15 nm-thick HfO2 gate insulator 
showed high on/off current ratio of 4.56×1010 and high breakdown voltage of 
1460 V at gate-drain distance of 10 μm. Also, the fully Au-free devices using 
TaN-gate and Ti/Al/TaN-source/drain showed on/off current ratio of 2.0×109 
without any considerable degradation. 
The extended-gate structure was proposed to reduce specific on-
resistance (Ron,sp) without any additional GaN epitaxial growth and 
lithography techniques by removing the redundant gate-source space in the 
AlGaN/GaN MOS-HEMTs-on-Si. The extended TaN-gate overlapped source 
with 15 nm-thick HfO2 insulation. By using this structure, the Ron,sp was 
successfully reduced from 2.91 to 2.28 mΩ·cm2 in the device with 10 μm-long 
LGD. High-k characteristics and higher dielectric breakdown voltage of the HfO2 
gate insulator than |VTH| facilitated the stable on/off switching. This device 
also exhibited high breakdown voltage of 1410 V, high on/off current ratio of 
4.97×1010, and high figure-of-merit of 872 MW·cm−2. 
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A new method to increase the breakdown voltage trough RF-sputtered 
Ga2O3 and Al2O3 films without any termination structure was proposed. The 
sputtering power considering sputtering damage to the GaN surface was 
optimized to suppress the leakage current. An electron injection into the 
unintentionally formed deep traps in the amorphous β-Ga2O3 films extended 
depletion region under the gate and increased the breakdown voltage. The 
deep traps have a relatively long emission time so that the surface leakage 
current, which is originated from the shallow traps, would be suppressed. The 
AlGaN/GaN HEMT-on-SiC with 20 μm-long LGD and Ga2O3 passivation 
sputtered at 50, 100, 150, and 200 W exhibited breakdown voltage of 1430, 
890, 820, and 460 V, respectively while that of the unpassivated device was 
520 V. Also, high breakdown voltage exceeding 2.7 kV at sputtering power of 
50 W and 40 μm-long LGD was obtained. In addition, Al2O3/Ga2O3 multiple 
stacks by RF-sputtering were employed to reduce the leakage current and shift 
threshold voltage positively in the AlGaN/GaN HEMTs-on-Si. The breakdown 
voltage in the device using the stacks was increased from 380 to 1104 V and 
drain leakage current was decreased from 1.8 μA/mm to 33 nA/mm by the 
electrons accumulation in the stacks. The threshold voltage was shifted from –
2 to –1.4 V and this was shifted to 0.12 V after DC stress at VGS= –10 V for 100 s. 
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1.1 Background  
 
In recent years, power devices have received considerable attention 
arising from environmental consciousness and energy-saving issues. To 
realize future power system with high conversion efficiency, low power loss, 
and compact size, power devices require high breakdown voltage, low on-
resistance, and thermal stability. Particularly in electric vehicle, high-
performance devices are essential for efficient battery management and stable 
operation. 
Power devices have been developed by Silicon technology and new 
structures such as trench gate, reduced surface field (RESURF), and 
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superjunction. Silicon has several advantages compared to other materials in 
terms of easy formation of insulation layer using oxidation methods, easy 
doping using ion implantation and drive-in process. However, Si technology 
for power devices has already approached its theoretical limitation, so that 
wide bandgap materials such as GaAs, GaN, and SiC have been considered as 
breakthrough [1]. Figure 1-1 shows the development of power devices since 
1970s [2]. This time diagram indicates that wide bangap-based power devices 
have been required to obtain high-power density and high-conversion 
efficiency for the future power system. 
In general, the critical electric field is proportional to the bandgap to a 
power of 2.5. Thus, wide bandgap materials-based devices enable thinner drift 
region and smaller area for same devices performance as Si-based devices as 
shown in Fig. 1-2 [3]. In addition, a low intrinsic carrier concentration and a 
low probability of band-to-band emission enable the efficient power 
conversion and high-temperature operation without bulky cooling system 
from electric system point of view. The theoretical properties of various 
semiconductor materials are summarized in Table 1-1 [3, 4, 5]. It is noted that 
GaN has high critical electric field, high electron mobility, and high saturation 
velocity compared with Si, GaAs, and SiC. Therefore, GaN is promising and 
suitable material for future high-power systems such as electric vehicle, 
hybrid vehicle, and fuel-cell vehicle. 
Among the wide bandgap materials, SiC has been studied for a long time. 
Recently, SiC Schottky Barrier Diodes (SBDs) was commercialized. SiC-based 
metal-oxide-semiconductor field-effect-transistors (MOSFETs) and insulated 
gate bipolar transistors (IGBTs) have been developed as well. However, the 
potential of SiC-based power devices has been still questionable because of 
high growth and fabrication cost. Diamond is expected to be next-generation 
power semiconductors material due to superior material properties. However, 
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diamond has the problems of impurity doping and deep-carrier activation 
energy. The difficult fabrication of diamond should be solved [6]. 
The figure of merits (FOMs) are commonly used to compare the 
materials-limitation. In 1965, Johnson derived the following FOM. 










    (1.1) 
Ec and Vsat are the critical field and the saturation velocity, respectively [7]. 
In the Johnson’s FOM, the critical field and the saturation velocity limit the 




GE      (1.2) 
, which was the FOM to minimize the conduction loss in power FETs [8]. The 
ε, μ, and EG are permittivity, mobility, and energy gap of semiconductor 
materials, respectively. Baliga’s FOM is based upon the assumption that the 
power dissipation of devices is originated from the only current flow through 
channel. The calculated values for Si, GaAs, SiC, and GaN are summarized in 
Fig. 1-3. It should be noted that GaN has the highest values among the other 
semiconductor materials in both Baliga’s and Johnson’s FOM so that GaN-
based semiconductors are suitable for the future power system. 
However, GaN has several obstacles to be applied for MOSFETs or IGBTs 
due to its material limitation. Above all, obtaining high-quality interface 
characteristics between GaN and gate insulator is very difficult. A low interface 
trap density is desired to modulate surface potential and form inversion 
channel. A few results in terms of the thermally grown Ga2O3 layer in the GaN 
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devices after high-temperature oxidation have been reported [9]. It is well 
known that high-temperature annealing may cause serious decomposition 
problems in the GaN devices so that interface characteristics are limited by N-
vacancies [10]. For the reason, heterogenous gate insulator by various 
deposition methods such as chemical vapor deposition (CVD) [11] and atomic 
layer deposition (ALD) [12] has been developed for GaN MOSFETs. However, 
successful fabrication and operation have been demonstrated scarcely.  
Another problem is the impurity doping for p-type GaN. Mg-based mixture 
are widely added during p-GaN growth. It is known that maximum hole-
concentration is about 1019 cm–3 in p-GaN due to high activation energy and 
very low activation ratio about 1 %. The high resistive p-GaN causes a 
considerable voltage drop across PN or PiN junction and relatively high knee 
voltage. Furthermore, GaN exhibits a low hole mobility of 10 cm2/V·s so that 
GaN-based bipolar devices are not desirable [3]. In addition, irreversible ion 
implantation damage by thermal annealing in GaN are more serious problem 
because GaN MOSFETs require multi-step ion implantation for VTH control and 
formation of n- or p-type well. 
For the reasons discussed above, modulation doping using heterojunction 
has been widely used for GaN FETs. The discontinuous conduction band across 
two-heterogenous materials offers highly conductive channel at their 
interface. That channel is called by two-dimensional electron gas (2DEG) [13]. 
The methods have been applied to various III-V devices such as GaAs, InP, and 
InSb-based high-electron-mobility transistors (HEMTs). III-Nitride 
heterojunction has unique polarization charges in the interface due to their 
wurtzite structure and lattice mismatch as shown in Fig. 1-4 [14]. The 
spontaneous and piezoelectric polarization in III-Nitride devices provide 
higher 2DEG density compared to other materials. Especially, AlGaN/GaN 
heterostructure has an advantage over other III-Nitride combination because 
   
5 
of high electron density in 2DEG and breakdown field. Figure 1-5 shows 2DEG 
channel formed by conduction band discontinuity and polarization in the 
AlGaN/GaN heterojunction system [15]. It is noted that the highly conductive 
channel at AlGaN/GaN interface and high breakdown field are suitable to 
achieve the low on-resistance and the low power loss.  
The high Al composition in the AlGaN barrier results in large band 
discontinuity, improvement of carrier confinement, strong piezoelectric 
polarization, high sheet charge, and high breakdown field [5]. However, high 
Al composition restricts the critical thickness of AlGaN due to the larger lattice 
mismatch at the AlGaN/GaN interface than low Al composition. Thin AlGaN 
exhibits a low electron mobility and density in 2DEG channel. Moreover, the 
high Al composition increases the ohmic contact resistance. Thus, AlGaN 
barrier layer should be designed for its applications. 
 Lack of the native GaN substrate is a critical issue in the AlGaN/GaN 
HEMTs. Sapphire, SiC, and Si have been widely used for substrate. The 
mismatches in lattice and thermal coefficient between substrate and GaN 
strongly influence on the wafer quality and device performance. Large 
mismatch causes wafer bowing and dislocation, which is line trap from 
substrate/GaN interface. Mismatches of lattice and thermal coefficient 
between GaN and substrate are summarized in Table 1-2 [16]. Among the 
substrate materials, SiC has the smallest mismatch in terms of lattice and 
thermal coefficient with GaN so that the low dislocation density and high 
devices performance are expected. Currently, only a few companies have 
produced SiC substrate so that the price is usually higher than other materials. 
Also, the wafer size has been not over 6 inch until now. Sapphire has been 
studied to reduce growth cost. The low thermal conductivity and large 
mismatch in both lattice and thermal conductivity between Sapphire and GaN 
still impose constraints on wafer quality and devices performance. Moreover, 
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2 and 4 inch-sized Sapphire substrate still have been widely used for GaN 
growth until now.  
Si substrate is very promising for the AlGaN/GaN HEMTs due to its low cost 
and large available wafer size. However, large lattice mismatch with GaN 
causes serious dislocation and wafer bowing problems so that growth 
technologies for transition layer should be developed. Recently, thick Si 
substrate over 1 mm has been used to suppress wafer bowing. Also, multiple 
layer of superlattice, which consists of AlGaN and AlGaN over 100 layers has 
been reported to relax the mechanical stress during the GaN growth. 
Recently, based on the excellent material characteristics of GaN, high-
performance GaN power devices have been demonstrated as shown in Fig. 1-
6. 70 A-AlGaN/GaN hybrid MOS-HEMT using p-GaN buffer and multi-fingers 
structure has been demonstrated [17]. Moreover, Transphorm has released 
GaN-on-Si transistor which was qualified for the joint electron device 
engineering council (JEDEC) standard [18]. Also, IMEC has reported 8 inch Au-
free AlGaN/GaN MOS-HEMT-on-Si using Cu-based electrodes [19]. 
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Figure 1-1: Silicon-limitation and potential of GaN power devices [2]. 
 






Figure 1-2: Electric field distribution when device’s breakdown situation for 
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Table 1-1: Material properties of semiconductors [3, 4, 5]. 




















at 300 K 
(cm2/V·s) 




Hole 450 400 10 NA 75 1800 
Saturation velocity 
(107 cm/s) 
1 2 2.5 2 2 3 
Critical field 
(106 V/cm) 
0.3 0.4 3.5 3.2 2.4 7 
Thermal conductivity 
(W/cm·K) 
1.3 0.55 1.1 4 5 6-20 
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(a)   
 
(b)  
Figure 1-4: Ga (Al)-face AlGaN/GaN (a) crystal structure (b) polarization 
induced sheet charge, piezoelectric, and spontaneous polarization [14]. 







Figure 1-5: (a) Conventional structure of AlGaN/GaN HEMT (b) energy band 
diagram of AlGaN/GaN HEMT [15].  
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Table 1-2: Crystal and thermal properties of various substrates [16] . 
 
Lattice 
















(0001) 13.9 % 
a=7.5 
c=8.5 
Si A=5.431 (111) –16.96 % 3.9 
 








Figure 1-6: Demonstrated GaN power devices (a) multi-fingers AlGaN/GaN 
hybrid MOS-HEMT for high-current over 70 A (b) JEDEC-qualified 600 V-GaN-
on-Si transistor (c) 8 inch GaN-on-Si MIS-HEMT device [17, 18, 19]. 
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1.2 Dissertation organization  
 
This purpose of this dissertation is to show new methods to achieve the 
high-performance AlGaN/GaN devices by using RF-sputtered films. RF-
sputtered gate insulator and electrodes have been proposed and investigated 
for high breakdown voltage and low on-resistance. In addition, a new device 
design is proposed to increase FOM of the AlGaN/GaN power devices. 
Chapter 2 describes the overview of AlGaN/GaN devices for power 
applications. The basic structure and fabrication process are introduced. Then, 
key issues which limit the electrical properties of the AlGaN/GaN devices are 
provided. Also, recent studies to improve device performance by using 
passivation, edge termination structures, and GaN buffer growth are reviewed. 
Chapter 3 introduces high-quality HfO2 gate insulator by RF-sputtering 
for the AlGaN/GaN MOS-HEMTs. Firstly, material and electrical properties of 
the RF-sputtered HfO2 are characterized and the effects of crystallization by 
post-deposition annealing on HfO2 insulator are followed. Secondly, various 
electrical properties of the AlGaN/GaN MOS-HEMTs are analyzed in order to 
verify the improvement mechanism of breakdown voltage. The reason to 
improve reverse characteristics is separated into two factors including surface 
passivation and blocking gate leakage current. 
Chapter 4 provides a new Au-free fabrication for the AlGaN/GaN MOS-
HEMTs using TaN-based electrodes. Material and electrical properties of the 
RF-sputtered TaN-electrodes are characterized after various post-deposition 
annealing are characterized. Also, I propose an extended TaN-gate structure, 
which overlaps source with HfO2 insulation, for low on-resistance in the 
AlGaN/GaN MOS-HEMTs.  
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Chapter 5 focuses on methods to achieve high breakdown voltage of the 
AlGaN/GaN HEMTs by employing RF-sputtered Ga2O3-based films. The 
suppression of leakage current and breakdown voltage improvement by Ga2O3 
and multiple Al2O3/Ga2O3 stacks are studied. Also, charge accumulation and 
shift of threshold voltage (VTH) due to multiple Al2O3/Ga2O3 stacks are 
characterized.  
Finally, Chapter 6 summarizes electrical and material characteristics of 
the devices proposed in this dissertation. 
  







2. Review of AlGaN/GaN Power 
Devices  
 
2.1 Device Structure, Operation, and 
Fabrication 
 
AlGaN/GaN high-electron-mobility transistors (HEMTs) have been 
demonstrated for high-power applications due to their superior material 
properties such as high critical electric field over 3 MV/cm, intrinsic carrier 
concentration (ni) of 10−10 cm−3, and high electron mobility over 1800 cm/V·s. 
Typical device structure and its operation of the AlGaN/GaN HEMTs are shown 
in Fig. 2-1. A transition layer is grown on heterogeneous substrate to reduce 
the mechanical stress arising from lattice and thermal mismatch between GaN 
buffer and substrate. An AlN spacer and an AlGaN barrier are grown to form 
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highly conductive channel which is located at the AlGaN/GaN hetero-interface. 
The AlGaN/GaN HEMTs have three terminals which are source, gate, and drain. 
These three-electrodes in the AlGaN/GaN HEMT are formed on the GaN 
surface.  
Channel modulation of the AlGaN/GaN HEMTs is controlled by the 
Schottky-gate. In general, the AlGaN/GaN HEMTs have laterally asymmetry 
structure from gate to sustain high drain bias during off-state. The AlGaN/GaN 
HEMTs typically have negative VTH due to the 2DEG channel. Figure 2-1 shows 
forward operation of the AlGaN/GaN HEMTs when VGS>VTH. Electrons flow 
from source to drain through 2DEG channel and highly conductive ohmic alloy. 
When VGS<VTH, the Schottky-gate makes the 2DEG channel depleted so that the 
electron is transferred from channel to GaN buffer. This depletion region under 
gate blocks the current flow through 2DEG channel. In theoretical situation, 
surface states can be ignored, the electric field concentration and breakdown 
occur at the gate edge by avalanche multiplication. 
Here, I describe the fabrication procedure of the AlGaN/GaN MOS-HEMTs. 
This devices including MOS structure studied in this dissertation have various 
merits in respect of reverse blocking characteristics and electrical stability. 
The detail operation of the AlGaN/GaN MOS-HEMTs is taken up in the next 
chapter. Fabrication of the AlGaN/GaN MOS-HEMTs typically includes mesa 
isolation, drain/source formation, gate insulator deposition, gate formation, 
and pads opening. Additional processes can be added, for instance, second 
passivation and gate and/or drain field plates. The fabrication process of the 
conventional AlGaN/GaN MOS- HEMTs is shown in Fig. 2-2. 
Firstly, etching process for device-to-device isolation and defining active 
region is performed. GaN cap/AlGaN barrier/AlN spacer should be eliminated 
by etching over total thickness of their stacks to cut off the 2DEG channel. GaN 
Buffer layer at an active region after mesa isolation sustains high drain voltage 
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so that its resistivity is very important. In order to improve resistive properties 
of GaN buffer layer, carbon (C) [20] and iron (Fe) [21, 22] doping has been 
widely used. These impurities are useful to compensate an unintentionally 
formed donor state. Inductively-coupled-plasma reactive ion etching (ICP-RIE) 
using Cl2-based gas mixture is widely used for mesa isolation. Several 
researches have been reported regarding alternative isolation methods 
without etching such thermal oxidation [23] and ion implantation [24]. 
Photoresist residue is removed by sulfuric peroxide mixture (SPM) solution 
after etching process for mesa isolation. 
Ti/Al-based multiple metal stacks are typically used for ohmic contact of 
source and drain [25, 26]. The mechanism of Ti/Al-based ohmic contact on n-
GaN is as flow; after annealing process at the higher temperature than 800 oC, 
the reaction between Ti and nitrogen (N) in the AlGaN/GaN heterostructure 
forms TiN layer and nitrogen vacancies (VN). The VN acts as shallow donor state 
in GaN so that the Schottky barrier between GaN and ohmic metal is thinned 
after annealing. The pattern of ohmic contact is defined by the lift-off process. 
The recessed structure in the ohmic contact was also proposed to decrease the 
ohmic contact resistance [27]. Additional metals are commonly formed on the 
Ti/Al stacks to prevent Ti/Al from oxidation and preserve shape of the 
source/drain electrodes after high-temperature annealing. Thermal barrier 
layers such as Ni and Mo are widely formed on Ti/Al sequentially. Au has been 
considered as good top metal layer of the ohmic contact because of its very 
low resistance and thermal stability. 
Gate insulator can be formed by various materials and deposition 
methods such as chemical vapor deposition (CVD), atomic layer deposition 
(ALD), and sputtering [28, 29, 11]. The dielectric properties such as dielectric 
constant and breakdown field of gate insulator should be considered to obtain 
desirable operation range and leakage current in the AlGaN/GaN MOS-HEMTs. 
Also, the deposition conditions should be optimized to obtain high-quality 
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interface characteristics between GaN and gate insulator. In this dissertation, 
RF-sputtering was used for gate insulator. Details of the AlGaN/GaN MOS-
HEMTs are taken up in the next chapter.  
The Schottky-gate controls the AlGaN/GaN HEMTs by applying the 
voltage. The Schottky contact is fabricated by the sequence of native oxide etch, 
e-gun evaporation, and lift-off. The Schottky metal determines the Schottky 
barrier height (SBH) that equals the difference between metal work function 
and electron affinity of GaN (χ= 4.1 eV) as well as VTH. The work function of 
Schottky contact on GaN is shown in Table 2-1 [30]. The high SBH is required 
in order to decrease the tunneling leakage current and increase breakdown 
voltage. The platinum (Pt) has the highest work function so that Pt-based 
Schottky contact is widely used for the AlGaN/GaN HEMTs. Ni has rather high 
work function as well as the good adhesion to the nitride and oxide materials. 
Finally, etching process for source/drain opening is performed by 
conductive-coupled-plasma RIE (CCP-RIE) or ICP-RIE. Appropriate etchant 
should be used with considering gate insulator material. Thick Au layer on 
each electrode can be used for etching stopper during pad opening.  
Post-gate annealing [30, 31], passivation [32, 33], and edge termination 
structure [34] can be optionally employed to improve reverse blocking 
characteristics after the standard fabrication process I described in above.  
 
  






































































Figure 2-2: Fabrication processes of AlGaN/GaN MOS-HEMTs (a) starting 
material (b) mesa isolation (c) source/drain formation (d) gate insulator 
















   
24 
Table 2-1: Metal work function of Schottky contact on GaN [30]. 
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2.2 Key Issues to Limit Electrical Properties 
 
Although the AlGaN/GaN HEMTs have great material properties and they 
have been studied for a long time, the surface-states related problems in GaN 
epitaxial layer have still remained as critical issues for high breakdown voltage. 
Surface states cause current collapse [35], virtual gate effect [35], surface 
leakage current [36], premature breakdown [36], and radio-frequency (RF) 
dispersion [36, 37]. 
As I stated in chapter 1, lattice and thermal mismatches between GaN and 
substrate are dominant source for the surface states. Figure 2-3 shows cross-
sectional transmission electron microscopy (TEM) image of GaN epitaxial 
layer [38]. As shown in this image, the dislocation, which is originated from 
substrate/GaN interface, can reach the surface. These surface states typically 
have shallow energy level within forbidden band. Shallow states offer free 
electrons which can contribute conductivity of the AlGaN/GaN HEMTs so that 
considerable leakage current occurs. The AlGaN/GaN HEMTs require plasma-
based process for deposition of certain materials and etching as well as high-
temperature process. These processes bring about degradation of GaN-surface 
morphology and deterioration of crystallinity. It is well known that GaN is 
irrecoverable material by annealing methods due to its decomposition 
problems. Atomic-forced measurement (AFM) images of GaN after Ar plasma 
treatment and/or thermal annealing are shown in Fig. 2-4 [10]. These AFM 
images indicate that GaN is sensitive to process conditions such as etching 
power and annealing temperature. The root-mean-square (RMS) is rather 
increased after thermal and/or plasma treatment.  
There is one other factor that is important for origin of the surface states. 
The 2DEG channel results from the spontaneous and piezoelectric 
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polarization [39, 13]. The electrons are able to transfer from occupied surface 
states to empty conduction-band states at the AlGaN/GaN interface, creating 
2DEG charge and leaving behind positive surface states [39]. The surface 
donor states have been reported as an actual origin of 2DEG charge. The 
surface donor states are located at 1.42 [39] or 1.65 eV [13] below the 
conduction-band edge of the Al0.27Ga0.73N and Al0.34Ga0.66N alloy, respectively.  
The SBH lowering effect by surface states has been reported [40]. The 
surface states cause serious problem at gate/GaN interface increasing surface 
leakage current. The interface traps induce leakage current path by lowering 
SBH locally. The schematic band diagram of GaN/metal interface with 
Schottky contact is shown in Fig. 2-5. The AlGaN/GaN HEMTs have various 
surface leakage current paths including active-region current and isolation 
current as shown in Fig. 2-6. During off-states, negative gate bias may block 
channel leakage current through depletion region well so that suppression of 
surface leakage current would be more important to obtain high breakdown 
voltage. 
The current paths during on-state are explained by Fig. 2-7. The 
AlGaN/GaN HEMTs have two kinds of inherent Schottky barrier diodes (SBDs) 
at gate-source and gate-drain regions. When VGS<VF (knee voltage of gate-
source or gate-drain SBD), the current flow from drain to source across 2DEG 
channel without any current dissipation into gate. When VGS>VF, however, 
considerably high gate leakage current occurs because of forward operation 
in the inherent SBDs. In case of the typical normally-on AlGaN/GaN HEMTs, 
the VGS sweeping range is limited due to this gate leakage component. Thus, 
gate leakage current by SBDs operation should be suppressed to obtain high-
current devices. 
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Figure 2-4: AFM images after different treatment (a) Control, (b) Ar plasma 
treatment, (c) Ar plasma + annealing (800 oC), and (d) Ar plasma + 
annealing(1000 oC) [10].  
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Figure 2-5: Schottky barrier height lowering by surface states [40]. 
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2.3 Recent Technologies for High-
Performance AlGaN/GaN Devices 
 
2.3.1 Surface Passivation 
 
Surface passivation has been widely used to suppress electron trapping 
from gate into surface states and increase breakdown voltage in the 
AlGaN/GaN HEMT [32, 33]. Also, passivation layer protects the devices from 
undesirable circumstance by humidity, electrostatic discharge, and physical 
damage. Although mechanism of surface passivation has been an object of 
study for a long time, there is a little controversy as to explain that. However, 
many groups have reported that blocking characteristics of the passivated 
AlGaN/GaN HEMTs were improved.  
Y. Ohno, et al., described the improvement mechanism of breakdown 
voltage by surface passivation [41] as shown in Fig. 2-8. They explained 
virtual-gate effect as the mechanism by comparing two devices including the 
unpassivated HEMT and the passivated one. In case of the unpassivated HEMT, 
when high-drain voltage is applied, electron injection into the surface states 
occurs at the drain-sided gate edge so that effective gate would be lengthen. 
Then, the shorten gate-drain distance leads premature breakdown. This needs 
some assumption that reduction of potential across virtual gate is ignorable. 
However, the passivated AlGaN/GaN HEMT has no significant virtual-gate 
effects. It seems reasonable to conclude that surface passivation suppresses 
virtual-gate effects and increases breakdown voltage in the AlGaN/GaN 
HEMTs. Figure 2-9 and Fig. 2-10 show the increased breakdown voltage after 
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SiNX passivation [42, 43]. These results match the schematic charge 
distribution in Fig. 2-8. 
It has been reported that SiO2 passivation using inductively-coupled-
plasma chemical-vapor-deposition (ICP-CVD) improves the blocking 
characteristics of the AlGaN/GaN HEMTs and suppresses surface leakage 
current as shown in Fig. 2-11 [44]. Due to the effectively suppressed leakage 
current, they obtained high breakdown voltage exceeding 900 V without any 
edge termination structures. Besides passivation materials I mentioned, 
various materials such as benzocyclobutene (BCB) [45], Sc2O3, MgO [46], and 
polyimide [47] have been studied as passivation layer of the AlGaN/GaN 
HEMTs. 
  





Figure 2-8: Schematics of charge distribution and potential profile between 
gate and drain (a) without and (b) with surface passivation [41]. 
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Figure 2-9: Schematic of SiNX passivated AlGaN/GaN HEMT [42]. 
 
 
Figure 2-10: Increase of breakdown voltage after passivation [43]. 







Figure 2-11: AlGaN/GaN HEMT using SiO2 passivation (a) Schematic (b) 
breakdown voltage characteristics [44]. 
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2.3.2 Edge Termination Structure 
 
The electric field concentration at the drain-sided gate edge is dominant 
reason for breakdown, electron trapping, and surface leakage current [48]. 
Therefore, various edge termination methods such as a floating metal and a 
field plate have been studied to divide the electric field concentration to 
additional point and reduce these maximum peak values. Figure 2-12 shows 
schematic of electric field distribution in the AlGaN/GaN HEMTs when gate 
field plate is used [49]. Gate field plate is typically formed on passivation layer 
between gate and drain by being connected to main gate. The thickness of 
passivation layer and field-plate length are important factors to decide electric 
field distribution between gate and drain. Electric field is divided into two 
regions including gate edge and field-plate edge. When two electric field peaks 
have identical value by controlling the thickness of passivation layer and gate 
field plate length, the AlGaN/GaN HEMTs have the highest breakdown voltage 
value.  
It has reported that slant gate field plate is more useful to reduce 
maximum electric field peak [34]. Schematic structure of the AlGaN/GaN 
HEMT using slant gate field plate and the breakdown voltage characteristics 
are shown in Fig. 2-13. This structure enables gradual depletion region and 
planar electric field distribution between gate and drain so that they reported 
very high breakdown voltage over 1800 V by using slant gate field plate. In 
addition, similar method to obtain gradual depletion using multiple gate field 
plate was also reported as shown in Fig. 2-14 [34]. 
There is trade-off relationship between on-current and breakdown 
voltage because of the limited gate-drain distance. Even field plate structure 
are perfectly optimized, the shorter distance between gate and drain than 
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typically used drift region in vertical Si-devices has difficult in high-voltage 
operation. The AlGaN/GaN HEMT-on-SiC using drain field plate connected to 
back-side electrodes was reported to solve natural demerit of lateral devices 
by extending depletion region in semi-vertical direction as shown in Fig. 2-15 
[50]. 
Recently, AlGaN/GaN HEMT using polarization junction to make drift 
region fully depleted was reported as shown in Fig. 2-16 [51]. Additional bias 
is applied to base electrode, which is connected to source, to extend the 
depletion region between gate and drain. The two dimensional hole gas (2DHG) 
controlled by base bias was used for depletion of 2DEG. It is well known that 
fully depleted region has excellent resistive characteristics so that it is suitable 
for sustaining high-drain voltage. In this research, they preciously controlled 
charge balance at the region between gate and drain by using polarization 
junction technology. The breakdown was increased by this technology from 
130 to 830 V. 
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Figure 2-12: Schematic two-peak field distribution along the 2DEG in 
AlGaN/GaN HEMTs with gate filed plate [49]. 
  




Figure 2-13: AlGaN/GaN HEMT using slant field plate (a) Schematic (b) 





Figure 2-14: AlGaN/GaN HEMT using multiple gate field plates (a) Schematic 
(b) breakdown voltage characteristics [34]. 
  




Figure 2-15: AlGaN/GaN HEMT using poly-AlN passivation and drain field 






Figure 2-16: AlGaN/GaN HEMT using polarization junction (a) Schematic (b) 
breakdown voltage characteristics [51]. 
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2.3.3 Buffer Growth Technologies 
 
In the AlGaN/GaN HEMTs, GaN buffer layer has various roles such as 
contribution of highly conductive channel which is called 2DEG and sustention 
of breakdown voltage. In respect of reverse blocking of the AlGaN/GaN HEMTs, 
the resistive characteristics of GaN buffer layer are very important because 
this should sustain high drain voltage. Thus, leakage current trough buffer 
layer should be suppressed. Among the reported methods to improve 
resistivity of GaN buffer layer, carbon (c) doping has been aware of the most 
effective method by compensating shallow traps including nitrogen vacancies 
(VN) in GaN buffer layer. 
There is one other thing that is important for the AlGaN/GaN-on-Si 
substrate. It is well known that Si substrate is very promising for the 
AlGaN/GaN power devices due to its low cost and large available wafer size. 
However, large lattice mismatch between GaN and Si limits the thickness of 
GaN buffer layer. When high-drain voltage is applied, the depletion region is 
extended from gate to drain. At same time, a part of depletion region is 
extended in vertical direction. Sapphire and SiC substrates have good semi-
insulating characteristics due to their wide bandgap properties so that there 
are no serious problems in GaN/substrate interface when depletion region 
reaches substrate at high-drain voltage situation. When Si substrate is used for 
GaN, however, depletion region reaches substrate and conduction through 
narrow bandgap-Si substrate can occur at high-drain voltage. Thus, sufficient 
distance between gate and Si-substrate is required. There is no doubt about 
the importance of thick GaN buffer growth technologies.  
A study on vertical breakdown characteristics through Si substrate in the 
AlGaN/GaN HEMTs-on-Si was reported as shown in Fig. 2-17 [53]. It shows 
   
41 
schematic of measurement pattern for measuring vertical breakdown voltage. 
C-doped GaN and AlGaN buffer layers were used for comparison purpose. C-
doped GaN buffer layer shows almost symmetry current-voltage 
characteristics between forward and reverse region. Forward and reverse 
breakdown voltages are around 400 V as shown in the AlGaN/GaN HEMT-on-
Si using C-doped GaN buffer of Fig. 2-17 (b). When AlGaN buffer layer is used 
for the AlGaN/GaN HEMT-on-Si, however, the test pattern shows rectifying 
characteristics like diodes due to wider bandgap of AlGaN than upper GaN 
layer. The breakdown voltage of 800 V was obtained by AlGaN buffer layer 
because AlGaN buffer layer suppresses extension of depletion region in 
vertical direction during reverse blocking operation.  
C-doping in GaN buffer layer is useful to improve resistance and blocking 
characteristics in vertical and lateral direction. Figure 2-18 (a) shows 
breakdown voltage improvement according to C-doping concentration [54]. 
Lateral breakdown voltage was increased as increasing C-doping 
concentration. Also, thick GaN buffer makes the distance between channel and 
substrate longer so that it prevents vertical conduction through substrate 
from the extension of depletion region in vertical direction. As shown in Fig. 
2-18 (b), the breakdown voltage is increased when thick GaN buffer layer is 
used [54]. Also, high-voltage AlGaN/GaN HEMTs using p-GaN gate and AlGaN 
back barrier was reported as shown in Fig. 2-19. AlGaN back barrier 
suppresses electron overflow from channel to buffer layer so that they 
demonstrated high breakdown voltage over 900 V [55].  
  








Figure 2-17: Test pattern for measurement of breakdown voltage through Si 
substrate in AlGaN/GaN HEMT-on-Si (a) Schematics (b) breakdown voltages 
of C-doped buffer and AlGaN buffer samples [53]. 
  




Figure 2-18: Breakdown voltage variation according to (a) carbon 





Figure 2-19: AlGaN/GaN HEMT using AlGaN back barrier (a) band diagram 
and schematic (b) breakdown voltage characteristics [55]. 
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2.3.4 Substrate Transfer Technologies 
 
In the AlGaN/GaN HEMTs-on-Si, Si substrate causes a major drawback to 
obtain high breakdown voltage as described in above section. Thick GaN and 
AlGaN buffer layers have proven their worth to suppress vertical conduction 
through Si substrate. In this section, I introduce new methods to suppress 
conduction through substrate by removing Si substrate after fabrication 
process for the AlGaN/GaN HEMTs.  
Bin Lu, et al., reported breakdown voltage improvement of the 
AlGaN/GaN HEMTs by using Si-substrate transfer technology [56]. The 
process procedure for substrate transfer and breakdown voltage 
improvement is shown in Fig. 2-20. The fabricated AlGaN/GaN HEMT was 
bonded with BCB-on-Si carrier substrate at front side. Then, original Si 
substrate was removed by SF6-based etching. Next, alternative BCB-on-glass 
substrate was bonded with the AlGaN/GaN HEMT at back side. Finally, BCB-
on-Si carrier substrate was detached from the AlGaN/GaN HEMT. Breakdown 
voltage of the AlGaN/GaN HEMT using substrate transfer is proportionally 
increased to source-drain distance by eliminating thoroughly conducting path 
through Si substrate. 
Another method to suppress conduction through Si substrate at high 
drain voltage was reported [57]. The schematic and breakdown 
characteristics are shown in Fig. 2-21. Si substrate was locally eliminated by 
etching at the region between source and drain where vertical conduction 
through Si substrate occurs. This locally removing Si substrate may make 
depletion region extends to the drain-side when higher drain voltage is 
applied. It is likely that this result about breakdown voltage improvement is 
similar with the effects of semiconductor-on-insulator (SOI)-based devices.  









Figure 2-20: AlGaN/GaN HEMT adopting substrate transfer technique to 
glass wafer (a) transfer process (b) breakdown voltage characteristics [56]. 









Figure 2-21: AlGaN/GaN double-heterojunction FET (DHFET) using local 
substrate removal technique (a) Schematic (b) breakdown voltage [57]. 
 






3. AlGaN/GaN MOS-HEMTs 




Recently, AlGaN/GaN devices have gained considerable attention for 
high-power applications due to high critical electric field and high mobility 
two-dimensional electron gas (2DEG) channel at their hetero-interface [14, 
58]. And, fabrication for the AlGaN/GaN devices is rather simple compared 
with Si-based power devices such as trench-gate metal-oxide-semiconductor 
field-effect transistors (MOSFETs), superjunction MOSFETs, and insulated-
gate bipolar transistors (IGBTs) because the AlGaN/GaN devices don’t require 
any high-cost thermal and ion implantation processes [59]. The fabrication 
cost of the GaN devices can be much lowered by developing the GaN growth 
technologies on large diameter-Si substrate. 
In addition, good thermal stability of GaN enables lightweight power 
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system and provides excellent ruggedness under ultra-harsh environment. 
However, the surface states-related problems such as leakage current and 
current collapse should be suppressed because these cause the deterioration 
of breakdown voltage and switching loss as reviewed in section 2.2.  
In this chapter, I propose high-quality HfO2 gate insulator by RF-
sputtering for the high-voltage AlGaN/GaN MOS-type high-electron-mobility 
transistors (HEMTs) for the first time. In the flowing section, the advantages 
of MOS structure in the AlGaN/GaN HEMTs during on and off states and device 
operation are explained. And, various methods and materials for gate 
insulator in the AlGaN/GaN MOS-HEMTs are introduced.  
Section 3.3 shows RF-sputtering system used in the experiments of this 
dissertation. Sputtering guns with 4 target slots were established in the main 
chamber and sputtering of single target or multi-target was able to be 
performed for deposition of electrodes or insulator with variation of 
sputtering conditions such as sputtering power, working pressure, and 
substrate temperature. This multi-target system also enables in-situ 
deposition of electrodes/insulator. 
Section 3.4 includes studies for characterization of the RF-sputtered HfO2 
gate insulator in material and electrical point of views. The sputtering 
conditions are optimized to obtain high-resistive HfO2 insulator. Then, 
composition and dielectric breakdown characteristic of the HfO2 sputtered at 
room temperature are evaluated. Also, post-deposition annealing under N2, O2, 
and H2O ambient is investigated to improve dielectric breakdown 
characteristics of HfO2 insulator. 
Section 3.5 shows the electrical properties of the AlGaN/GaN MOS-
HEMTs-on-Si using RF-sputtered HfO2 gate insulator. First, the effects of 
sputtering power and working pressure on the surface leakage current is 
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discussed. It was found that high sputtering power affects damage to GaN 
surface. Secondly, the reverse blocking characteristics such as leakage current 
and breakdown voltage are evaluated. To verify improvement mechanism of 
breakdown voltage over 1.5 kV, I classify the reason for suppression of leakage 
current into two factors including surface passivation effects and blocking gate 
leakage current. And finally, reliability and interface characteristics of the 
AlGaN/GaN MOS-HEMTs using RF-sputtered HfO2 gate insulator with various 
measuring conditions are investigated. 
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3.2 Advantages of AlGaN/GaN MOS-HEMTs 
 
Leakage current of the AlGaN/GaN HEMTs should be suppressed for low 
stand-by power dissipation, high breakdown voltage, and high current density 
[60]. Various methods such as surface passivation [41, 43, 44, 61, 46], a field 
plate [52, 62, 50, 51, 49, 34], and impurity doping in buffer layer [54, 55] have 
been reported to improve device performance. A great deal of effort has been 
made on the high-performance AlGaN/GaN HEMTs. What seems to be lacking, 
however, is effective blocking of gate leakage current [63]. 
In case of the conventional AlGaN/GaN HEMTs without any gate insulator, 
the gate-source voltage (VGS) is limited within negative sweeping range. When 
VGS > knee voltage (VF) of inherent gate-source or gate-drain Schottky barrier 
diodes (SBDs), the electron in 2DEG channel can be transferred to Schottky 
gate and forward current dissipation occurs [64, 65]. The problem increases 
when normally-off devices are used because of the narrow VGS sweeping range 
above 0 V. Moreover, when negative drain-source voltage (VDS) is applied, 
serious reverse conduction can lead to device failure [66]. Due to this reverse 
conduction problem, the conventional AlGaN/GaN HEMTs are not suitable for 
connection to opposite-phase device in complementary metal-oxide 
semiconductor (CMOS) and inverter system.  
During off-state, the considerable surface leakage current and traps-
assisted Schottky tunneling current occur as I have mentioned in section 2.2. 
The surface traps should be suppressed because these reduce Schottky barrier 
height (ΦBN) and breakdown voltage [40]. The current path of the conventional 
AlGaN/GaN HEMTs during on and off state are shown in Fig. 3-1 (a) and (b). 
Figure 3-1 (c) indicates, the forward current dissipation by turn-on of the 
inherent SBDs during on-state can be blocked by gate insulator in the 
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AlGaN/GaN MOS-HEMTs. Gate insulator allows wide VGS sweeping range up to 
highly positively value until dielectric breakdown. In the maximum current 
density point of view, the wide VGS sweeping range is very important. Added 
to these, MOS structure is essential to realize normally-off AlGaN/GaN 
transistors. During off-state, the surface leakage current and tunneling leakage 
current through gate can be suppressed by gate insulator as shown in Fig. 3-1 
(d). When the resistivity of GaN buffer layer is sufficiently high, the leakage 
current of the AlGaN/GaN MOS-HEMTs through GaN buffer layer can be 
ignored.  
In the Si-based power devices, oxidation method is usually used for gate 
insulator formation [67]. It is well known that the interface traps can be 
decreased during this oxidation process so that 1010 cm–2·eV–1-level interface 
trap density (Dit) can be easily obtained in the Si-devices [68]. Many research 
groups have made an effort to achieve high-quality Ga2O3 insulator for GaN 
MOS system as shown in Fig. 3-2 [9, 69, 70]. However, high-temperature 
oxidation process causes the decomposition of GaN and generates amount of 
nitrogen vacancies, which act as shallow traps at the GaN surface.  
The plasma-enhanced chemical vapor deposition (PECVD) is widely used 
for gate insulator and passivation layer of the AlGaN/GaN devices [71, 72]. The 
plasma damage by using PECVD may degrade 2DEG which is only 30 nm below 
the surface. The 30 nm is the typical thickness of AlGaN barrier layer. It is 
noted that this plasma damage affects surface leakage current. Thus, low-
damage inductively coupled plasma-chemical vapor deposition (ICP-CVD) and 
electron cyclotron resonance (ECR)-based methods are desirable for the 
AlGaN/GaN MOS-HEMTs [28, 29].  
 Figure 3-3 shows the AlGaN/GaN MIS-HEMT using ECR-sputtered SiNX 
gate insulator [11]. The forward and reverse leakage current in the gate-
source MIS diodes are dramatically decreased by gate insulator. 
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A very thin layer of SiO2 or Si3N4 is required for the AlGaN/GaN MOS- or 
MIS-HEMTs to suppress negative shift of threshold voltage (VTH) owing to their 
low-k characteristics [73, 74]. This thin gate insulator may cause hot carrier 
induced gate leakage current and narrow sweeping range of VGS. In order to 
suppress the negative shift of VTH and prevent device failure due to dielectric 
breakdown during the reverse blocking operation in the AlGaN/GaN MOS-
HEMTs, high-k gate insulator materials such as Al2O3 [75, 76, 77, 78, 79], HfO2 
[25, 12], and ZrO2 [80] are desired. 
Among the various candidates for gate insulator, HfO2 is the most suitable 
gate insulator material for the AlGaN/GaN MOS-HEMTs due to its high-k 
characteristics. High breakdown field is also useful to suppress negative shift 
of VTH in the AlGaN/GaN MOS-HEMTs. Figure 3-4 shows high breakdown 
voltage and low leakage current of the AlGaN/GaN MOS-HEMT using atomic-
layer deposition (ALD)-HfO2 gate insulator. Another important point of HfO2 
insulator is that it has native fixed-charge while most insulator materials such 
as SiO2 and Al2O3 generally contain positive fixed-charge [81]. This unique 
property of HfO2 gate insulator is very helpful to obtain normally-off devices. 
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(c) (d) 
Figure 3-1: Device operation and possible current flow in (a) conventional 
HEMTs during on-state (b) conventional HEMTs during off-state (c) MOS-


















Figure 3-2: AlGaN/GaN MOS-HEMT using thermally grown oxide layer and 
gate field plate [9]. 
  






 Figure 3-3: AlGaN/GaN MOS-HEMT using ECR sputtered Si3N4 gate insulator 
(a) device structure (b) gate-source diode characteristics [11]. 
  







Figure 3-4: AlGaN/GaN MOS-HEMT using ALD-HfO2 gate insulator (a) device 
structure (b) breakdown voltage characteristics [12]. 
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3.3 RF-Sputtering for Gate Insulator 
Formation 
 
Gate insulator in the AlGaN/GaN MOS-HEMTs can be formed by various 
methods including CVD, ALD, and RF-sputtering as I stated above section. 
Among the deposition methods, RF-sputtering is very attractive method due 
to its controllability over deposition parameter [82]. It is well known that RF-
sputtering methods exhibit high throughput due to its high deposition rate and 
availability of large-size process [83]. Also, a low-temperature and a low-cost 
process for gate insulator formation simplify fabrication process of the 
AlGaN/GaN MOS-HEMTs [84]. Also, sputtering has an advantage because the 
deposited films exhibit the same composition as the target material [85]. In 
addition, in-situ deposition of multiple layers and co-sputtering can be 
performed by using multi-targets and guns in a single chamber. Other films 
such as electrodes and semiconductor materials are also able to be deposited 
by the sputtering. 
Figure 3-5 provides the detail description of the magnetron sputtering 
system used in this dissertation. This equipment consists of main-system 
controller and experimental chamber including main chamber and loadlock 
chamber. Two set of DC-power and two set of RF-power guns were embedded 
in the main chamber. These four set of guns allow for single sputtering, co-
sputtering, and sequential sputtering. Various process gases such as Ar, H2, O2, 
and N2 is supplied by mass flow controllers through gas lines. The DC- and RF-
sputtering power up to 400 W is available. And substrate temperature can be 
controlled from room temperature to 600 oC by SiC heater. Target-to-the 
substrate distance is controllable from 117 to 134 mm and it is generally set 
to 134 mm during sputtering. 




Figure 3-5: Configuration of magnetron sputtering system used for gate 
insulator and electrode in this dissertation. 
   
59 
3.4 Characterization of HfO2 Gate Insulator 
 
In this section, I investigate and evaluate the material and electrical 
properties of HfO2 insulator sputtered at room temperature. This study would 
give an insight into understanding HfO2 gate insulator by RF-sputtering for the 
AlGaN/GaN MOS-HEMTs. I describe optimization of sputtering conditions to 
obtain high dielectric breakdown voltage of HfO2 insulator. In addition, the 
effects of post-deposition annealing (PDA) to increase sheet resistance and 
dielectric breakdown voltage are investigated. The mechanism of this effects 
will be discussed by measuring various material and electrical properties after 
PDA under N2, O2, and H2O ambient. In this experiments, HfO2 films was 
sputtered on p+ Si and low-resistive p++ Si substrate. 
 
3.4.1 Material and Electrical Properties of HfO2 
 
In order to optimize the HfO2 sputtering conditions and obtain its 
accurate sputtering rate. I examined the thickness of HfO2 insulator sputtered 
on p+ Si (10~15 Ω·cm) substrate. HfO2 insulator was sputtered with sputtering 
power variation from 50 to 300 W and sputtering time variation from 1200 to 
10000 s at room temperature. Working pressure of 3 mTorr and Ar flow of 15 
sccm were used for this analysis. Then, the thickness was measured by surface 
profiler (Alpha step) and atomic forced measurement (AFM) methods. It was 
found that sputtering rate and thickness of the RF-sputtered HfO2 insulator 
exhibits good linearity according to sputtering power and sputtering time as 
shown in Fig. 3-6. This thickness controllability provides reliable and 
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repeatable fabrication for the AlGaN/GaN MOS-HEMTs. It is well known that 
VTH is very sensitive to thickness of gate insulator in the voltage-controlled 
devices [86].  
Figure 3-7 shows cross-sectional and surface scanning electron 
measurement (SEM) image of the RF-sputtered HfO2 insulator-on-AlGaN/GaN 
heterostructure. It includes 3 nm-thick GaN cap/20 nm-thick Al0.23Ga0.77N 
barrier/1 nm-thick AlN spacer/100 nm-thick i-GaN/3.9 μm–thick C-doped 
GaN buffer by grown metal-organic chemical vapor deposition (MOCVD) 
method. The 15 nm-thick HfO2 insulator was obtained on the AlGaN/GaN 
heterostructure considering VGS sweeping range and dielectric breakdown 
voltage. Working pressure of 3 mTorr, sputtering power of 50 W, and 
sputtering time of 20 min were used for HfO2 formation. As shown in Fig. 3-7 
(b), the RF-sputtered HfO2 insulator shows visible grain-size, of which has 
diameter ranger from a few nm to a few tens nm. This visible grain is 
corresponding to spectral peaks in X-ray photoelectron spectroscopy (XPS) 
results in Fig. 3-8. The Hf 4f has two peaks centered at 16.48 and 18.16 eV. This 
peaks position has good agreement with the reported results by ICP-
sputtering [87] and ALD [88]. And, those of O 1s are centered 529.69 and 
531.49 eV. This spectral peaks are similar values reported previously [89]. 
Also RF-sputtered HfO2 insulator doesn’t have any problem in its composition 
even it was sputtered at room temperature as shown in Fig. 3-9. The 
oxygen/hafnium ratio of 1.75 was confirmed by Auger electron spectroscopy 
(AES) [90].  
Figure 3-10 shows the X-ray diffraction (XRD) results of HfO2 insulator 
sputtered at 3 and 10 mTorr. It was found that low working pressure induces 
better crystallinity compared to high working pressure. It is known that 
crystallinity of HfO2 insulator strongly influence on the resistivity and 
dielectric breakdown characteristics [87, 91]. The HfO2 at 3 mTorr showed 
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weak peaks of the (2 0 0) and (2 2 0) tetragonal phases at around 35o [92]. 
This indicates that the low-process pressure during the HfO2 sputtering leads 
to the weak crystallization of HfO2. The weakly crystallized properties of HfO2 
under low working pressure induce a low dielectric leakage current and high 
dielectric breakdown voltage. The most of important point is RF-sputtered 
HfO2 insulator was formed at room temperature. Simple formation of high-
quality gate insulator without any annealing or substrate heating provides 
various advantages for flexibility in fabrication procedure and considering 
thermal budget. 
Figure 3-11 shows schematic structure of the test pattern to measure 
dielectric breakdown field of RF-sputtered HfO2 insulator. Prior to HfO2 
insulator deposition, low resistance p++ Si (0.01 ~ 0.02 Ω·cm) substrate was 
prepared dipped into 4:1 sulfuric peroxide mixture (SPM) for 10 min and 30:1 
buffered oxide etchant (BOE) for 30 s to remove organic-based contamination 
and native SiO2 insulator on p++ Si substrate. The 18, 58, and 140 nm-thick 
HfO2 films were deposited on p++ Si substrate by controlling sputtering time. 
Same sputtering conditions including sputtering power of 50 W, working 
pressure of 3 mTorr, and Ar flow of 15 sccm as that for above experiment were 
used. Then, wet etching using 6:1 BOE was performed to open HfO2 insulator 
on p++ Si substrate. And finally, circular-type Al anode with 100 nm-long 
diameter was formed by e-gun evaporation and lift-off. The thickness of Al-
anode was 100 nm.  
The dielectric breakdown voltage was measured with sweeping anode 
voltage up to 100 V. The resistance of p++ Si substrate was ignored and the p++ 
Si substrate was grounded for this measurement. The dielectric breakdown in 
this pattern shows very small deviation range within device-to-device 
variation. Also, these values exhibit distinct linearity regarding thickness of 
HfO2. The average dielectric breakdown voltages of the 18, 58, and 140 nm-
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thick HfO2 films are 10, 27, and 68 V, respectively. I obtained the normalized 
breakdown field of 5 MV/cm without any substrate heating and PDA. The high 
breakdown field of gate insulator would provide high current density and 
small shift of VTH in the AlGaN/GaN MOS-HEMTs. 
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-Sputtering power: 50 W
 
 (b) 
Figure 3-6: Thickness variation of RF-sputtered HfO2 insulator according to 
(a) sputtering power (b) sputtering time. 








Figure 3-7: SEM images of RF-sputtered HfO2 insulator (a) cross-sectional 
image (b) surface image. 
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Name Energy FWHM Area (%)
Hf 4f 16.482 1.277 50.2






Figure 3-8: XPS spectra deconvolution of RF-sputtered HfO2 insulator (a) Hf 
4f (b) O 1s. 




























Name Center FWHM Area (%)
O 1s 529.69 1.542 62.6
O 1s 531.49 2.152 37.4
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Figure 3-9: AES-depth profiles of RF-sputtered HfO2 insulator. 
 








































Figure 3-10: XRD results of HfO2 insulator sputtered at 3 and 10 mTorr. 



































Figure 3-11: (a) Test patterns for measuring breakdown field of RF-sputtered 
HfO2 insulator. MOS structure including Al-HfO2-P++ Si was used (b) dielectric 
breakdown voltage characteristics of RF-sputtered HfO2 in the test pattern. 
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P++ Si substrate (0.01~0.02 Ωcm)
HfO2
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3.4.2 Effects of post-deposition annealing on HfO2 
Insulator 
 
The effect of PDA on RF-sputtered HfO2 gate insulator is investigated in 
this section. PDA has important meaning, in two respects. Firstly, dielectric 
breakdown characteristics and crystallinity can be improved by PDA. As 
mentioned in previous section, the crystallinity of HfO2 gate insulator strongly 
influences on blocking characteristics. At same time, thermal annealing 
provides small shift of VTH because the thickness of HfO2 gate insulator can be 
reduced due to improvement of dielectric breakdown voltage. Secondly, 
thermal stability of HfO2 gate insulator can be tested by PDA. Excellent 
thermal stability of gate insulator provides flexibility in the fabrication 
sequence for the AlGaN/GaN MOS-HEMTs. This thermal stability of gate 
insulator is also important when post-gate annealing (PGA) to improve 
adhesion between gate and gate insulator [93], pre-passivation to suppress 
thermal damage to GaN surface [94], and PDA to improve interface trap 
density (Dit) [95] are considered. In addition, heat is produced by high-current 
operation [96]. The AlGaN/GaN power devices are desirable to be operated at 
high temperature to reduce the size of cooling system. Also, excellent thermal 
stability of gate insulator is necessary to achieve high-current devices. 
The 100 nm-thick HfO2 insulator was sputtered on p+ (10~15 Ω·cm) Si 
substrate at room temperature. Sputtering power of 50 W, working pressure 
of 3 and 10 mTorr, and Ar flow of 15 sccm were used. These samples were 
annealed under O2 ambient at 700 oC for 20 min and under H2O ambient at 
500 oC for 12 min, respectively. Figure 3-12 shows the XRD results of RF-
sputtered HfO2 insulator after PDA under O2 and H2O ambient. It was found 
that the crystallinity was improved with a few peaks around 27o and 32o at the 
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PDA sample using dry oxidation. HfO2 sputtered at 3 mTorr exhibits better 
crystallinity compared to 10 mTorr. Also, those samples after PDA under H2O 
ambient at 500 oC for 12 min show similar peaks location and magnitude as 
the dry oxidation samples. It means that wet oxidation for PDA is useful to 
decrease annealing temperature and reduce process time to crystallize RF-
sputtered HfO2 insulator.  
Figure 3-13 shows the surface SEM images of the RF-sputtered HfO2 
insulator before and after PDA process with various temperature variation 
from 700 to 1000 oC for 2 hour under N2 ambient. Same sputtering conditions 
and substrate as experiment above was used. The HfO2 films after PDA at high 
temperature reveal a dense morphology and rough surface compared to those 
at low temperature. This change of the surface morphology results from poly-
crystallization of RF-sputtered HfO2 insulator by PDA process.  
The XRD results of RF-sputtered HfO2 insulator before and after PDA 
process are shown in Fig. 3-14. All PDA samples show the magnified peaks 
around 28.5o, 31.8o, and 34.8o corresponding the peaks of poly-crystalline 
HfO2. The highest values are shown in the sample with PDA at 900 oC. The 
lowered peak values in the sample after PDA at 1000 oC may be caused by 
decomposition of HfO2 insulator. The measured sheet resistance value was 
also increased with PDA temperature up to 900 oC. The highest sheet 
resistance of 6×1012 Ω/□ was obtained at 900 oC while that without PDA had 
1.5×1011 Ω·cm. However, the sheet resistance was decreased to 4×1012 Ω·cm 
after PDA at 1000 oC. This result is explained in view of decomposition caused 
by the high-temperature annealing. 
Breakdown voltages before and after PDA process under N2 ambient for 
2 hours with various temperatures from 700 to 1000 oC were measured. Prior 
to HfO2 formation, 30:1 BOE cleaning was carried out for 30 s. The 100 nm-
thick HfO2 was sputtered on p+ Si substrate (10~15 Ω·cm) at 50 W and 3 mTorr 
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with Ar flow of 15 sccm at room temperature. Ni/Au (30/150 nm) was formed 
on the HfO2 insulator as anode electrode by e gun-evaporator and lift-off. 
Figure 3-16 shows the schematic structure of the test pattern to measure 
breakdown voltage. Anode voltage was swept from 0 to 100 V. The breakdown 
voltage of 55 V is not altered after PDA process at 700 oC while this is increased 
after PDA process at the temperature of 800 and 900 oC. It has good agreement 
with the result of sheet resistance as shown in Fig. 3-15. The highest value of 
86 V was obtained at 900 oC. However, the breakdown voltage after PDA at 
1000 oC shows large deviation in range from 19 to 77 V. It means that the 




   
71 








Wet annealing at 500 
o
C for 12 min
Dry annealing at 700 
o





























Wet annealing at 500 
o
C for 12 min
Dry annealing at 700 
o


















Figure 3-12: XRD results of HfO2 insulator before and after dry and wet 
annealing. HfO2 was sputtered at (a) 3 mTorr (b) 10 mTorr. 










Figure 3-13: Surface SEM images after dry annealing under oxygen ambient 
for 2 hours at (a) 700 oC (b) 800 oC (c) 900 oC (d) 1000 oC. 
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Figure 3-14: XRD results of RF-sputtered HfO2 before and after dry oxidation 
for 2 hours at various temperatures. 
 





























Figure 3-15: Sheet resistance of RF-sputtered HfO2 insulator before and after 
dry oxidation for 2 hours at various temperatures. 
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Figure 3-16: (a) Test pattern for measuring breakdown field of RF-sputtered 
HfO2 insulator. MOS structure including Ni/Au-HfO2-P+ Si was used. (b) 
breakdown voltage characteristics before and after PDA process with various 
temperatures including 700, 800, and 900 oC for 2 hours under N2 ambient (c) 
breakdown voltage characteristics after PDA at 1000 oC for 2 hours under N2 
ambient. 
  
























   
76 
3.5 Electrical Properties of AlGaN/GaN 
MOS-HEMTs Employing HfO2 Gate 
Insulator 
 
The AlGaN/GaN metal-oxide semiconductor high-electron-mobility 
transistors (MOS-HEMTs)-on-Si (111) substrate using RF-sputtered HfO2 gate 
insulator was fabricated [97]. Schematic of the fabricated AlGaN/GaN MOS-
HEMTs are shown in Fig. 3-17. The MOCVD-grown epitaxial layers consist of 
3 nm-thick GaN cap/20 nm-thick Al0.23Ga0.77N barrier/1 nm-thick AlN 
spacer/100 nm-thick i-GaN/3.9 μm-thick C-doped GaN buffer. The 270-deep 
mesa was formed for device-to-device isolation. Ti/Al/Ni/Au (20/80/20/100 
nm) was deposited for source and drain by using e-gun evaporator and lift-off 
technique. This was annealed at 880 oC for 40 s to form ohmic contact. Prior 
to HfO2 sputtering, I dipped the device into 30:1 BOE for 30 s to remove native 
oxide. Then, the HfO2 was sputtered at 3 and 10 mTorr with Ar flow of 15 sccm 
at room temperature. The 15 nm-thick HfO2 was obtained at sputtering power 
of 50 W and sputtering time of 20 min. As described in previous section, 15 
nm-thick HfO2 is enough to sustain positive VGS up to 5 V. And finally, the Ni/Au 
(30/150 nm) was formed for gate electrode by e-gun evaporator and lift-off. 
The gate length, gate–source distance, gate–drain distance, and gate width 
were 3, 3, 20, and 50 μm, respectively. The conventional AlGaN/GaN HEMT 
without any gate insulator was also fabricated for comparison purpose. The 
schematic structure of the fabricated AlGaN/GaN MOS-HEMT using HfO2 gate 
insulator is shown in Fig. 3-17. 
In the experiments using various sputtering powers from 50 to 300 W, 
sputtering damage to GaN surface was found as shown in Fig. 3-18. High 
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sputtering power can affects surface leakage current by generating shallow 
traps so that low sputtering power is desired to high breakdown voltage of the 
AlGaN/GaN MOS-HEMTs [98, 99, 100]. At sputtering power of 300 W, high 
drain leakage current of 99.1 μA/mm is shown at VGS= –10 V and VDS= 100 V 
while the devices using HfO2 gate insulator sputtered at 50 W has drain 
leakage current of 67 pA/mm as shown in Fig. 3-18. These results are caused 
by sputtering damage at high sputtering power regardless of well-blocked 
gate leakage current. Thus, I fixed the sputtering power to 50 W to achieve 
high breakdown voltage of the AlGaN/GaN MOS-HEMTs in the following 
experiments. 
In this section, electrical characteristics of the AlGaN/GaN MOS-HEMTs 
employing RF-sputtered HfO2 gate insulator will be systematically discussed. 
Especially, I would focus on the mechanism of high breakdown voltage of the 
AlGaN/GaN MOS-HEMTs using HfO2 gate insulator by measuring various 
electrical characteristics including reverse and forward characteristics, 
capacitance-voltage (C-V) characteristics, pulsed current-voltage (I-V) 
characteristics, and reliability characteristics.  
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Figure 3-17: Cross-sectional view of fabricated AlGaN/GaN MOS-HEMTs 
using RF-sputtered HfO2 gate insulator. 
 


















































Figure 3-18: Drain leakage current of AlGaN/GaN HEMT and MOS-HEMTs 
using HfO2 gate insulator sputtered at 50, 150, and 300 W. 
  
Si (111) substrate
3.9 μm C-doped GaN buffer layer
20 nm i-Al0.23Ga0.77N barrier layer
Gate
HfO2 (15 nm)
3 nm   i-GaN cap layer
Source Drain
LG: 3 μm LGD: 20 μm 
100 nm i-GaN layer
LGS: 3 μm 
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3.5.1 Reverse Blocking Characteristics 
 
Drain and gate leakage current of the AlGaN/GaN HEMT and MOS-HEMTs 
using HfO2 gate insulator sputtered at 3 and 10 mTorr are shown in Fig. 3-19. 
VDS was swept from 0 to 100 V with VGS of –10 V. Very low drain leakage 
current of 67 pA/mm at VDS of 100 V for the AlGaN/GaN MOS-HEMTs using 
HfO2 gate insulator sputtered at 3 mTorr was measured. Also, the device using 
HfO2 gate insulator sputtered at 10 mTorr has drain leakage current of 3 
nA/mm. It is explained that weakly crystallized HfO2 insulator improves its 
blocking characteristics when it was sputtered at low working pressure. 
However, the conventional HEMT without any gate insulator has drain 
leakage current of 192 μA/mm. The gate leakage current at VDS of 100 V and 
VGS of –10 V is also decreased from −44.7 μA/mm to –67 pA/mm by HfO2 gate 
insulator sputtered at 3 mTorr. The high drain and gate leakage current of the 
conventional AlGaN/GaN HEMT is originated from considerable number of 
surface states, such as dislocation from the GaN buffer/substrate interface and 
nitrogen vacancies (VN), which are induced by plasma and thermal processes 
[101, 10]. 
Figure 3-20 (a) shows the three-terminal breakdown voltage 
characteristics of the conventional HEMT and the MOS-HEMTs with HfO2 gate 
insulator sputtered at 3 and 10 mTorr at VGS of –10 V. It has been 
demonstrated that the breakdown voltage was measured at the drain leakage 
current of 1 mA/mm. The breakdown voltage of the MOS-HEMT with HfO2 
gate insulator sputtered at 3 mTorr is 1524 V while the device with HfO2 
sputtered at 10 mTorr has 1226 V. However, that of the conventional HEMT is 
470 V. It means that low working pressure for HfO2 sputtering is useful to 
improve breakdown voltage. As shown in Fig. 3-20 (b) the two-terminal 
breakdown voltage of the AlGaN/GaN MOS-HEMT are similar with the result 
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of three-terminal measurement. It means that breakdown in the AlGaN/GaN 
HEMTs or the MOS-HEMTs occurs at drain-sided gate edge due to electric field 
concentration and surface leakage current, that is to say the breakdown 
voltage of the AlGaN/GaN HEMTs is determined by electron runaway on the 
surface [102]. The injected electrons from gate into the surface states lead to 
surface leakage current in the conventional HEMTs and the MOS-HEMTs.  
In order to investigate the mechanism of breakdown voltage 
improvement by HfO2 gate insulator, I assumed the contribution to increase 
breakdown voltage can be divided into two factors. First factor is that from 
HfO2 surface passivation effects and second one is that from blocking 
characteristics of gate leakage current by HfO2 gate insulator. In the following 
section, I will describe the origin of leakage current in the AlGaN/GaN HEMT 
and represent systematical investigation of reverse blocking characteristics in 
the AlGaN/GaN MOS-HEMTs using RF-sputtered HfO2 gate insulator.  
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Figure 3-19: (a) Drain leakage current of AlGaN/GaN HEMT and MOS-HEMT 
with RF-sputtered HfO2 at VGS= –10 V (b) gate leakage current. 
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Figure 3-20: (a) Three-terminal breakdown voltage characteristics of 
AlGaN/GaN HEMT and MOS-HEMTs with HfO2 sputtered at 3 and 10 mTorr (b) 
two-terminal breakdown voltage characteristics of AlGaN/GaN MOS-HEMT 
with HfO2 of 3 mTorr. 
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3.5.2 Suppression of Surface Leakage Current 
 
In order to investigate the origin of leakage current in the AlGaN/GaN 
heterostructure, I fabricated the circular-type AlGaN/GaN SBDs with three-
different anode diameter. Top-view of the fabricated devices with anode 
diameter of 100, 150, and 200 μm are shown in Fig. 3-21 (a). 270 nm-deep 
mesa was formed for device-to-device isolation. Ti/Al/Ni/Au (20/80/20/100 
nm) and Ni/Au (30/150) were used for anode and cathode, respectively. The 
anode-cathode distance was 3 μm. This sample was not passivated.  
For an accurate analysis of leakage current path, the leakage current 
though GaN buffer layer should be evaluated. If the resistivity characteristics 
of GaN buffer layer is not enough to block leakage current, total leakage 
current would be affected by this component and the measured values should 
have square relationship with anode diameter due to the vertical leakage 
current [103]. On the other hand, if the leakage current is originated from only 
surface, the leakage current should be linearly increased with anode diameter.  
The cathode-anode voltage (VCA) was swept from 0 to 100 V to measure 
leakage current of the circular AlGaN/GaN SBDs with three-different anode 
diameter. These samples show rather leakage current deviation so that I 
measured 20 devices for each anode diameter as shown in Fig. 3-21 (b). The 
larger deviation of leakage current was observed at longer anode diameter. 
The measurement results show that the average values of leakage current at 
VCA of 100 V is increased proportionally to anode diameter as shown in Fig. 3-
21 (c). It indicates that the surface leakage current is dominant in the epitaxial 
layer used in this experiment. As described in section 2.3.3, the carbon doping 
is useful to improve semi-insulating characteristics in GaN buffer layer. The 
carbon impurities act as shallow acceptor in GaN when Fermi level (EF) is close 
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to the conduction band [104, 105]. Thus, carbon doping is very effective 
method to reduce buffer leakage current [20]. Thus, I concluded the vertical 
leakage current through buffer layer can be eliminated for investigation of 
leakage current in the following section. 
Based on above results, I investigated the passivation effects of RF-
sputtered HfO2 insulator on the AlGaN/GaN heterostructure. Mesa-isolated 
two ohmic pattern was fabricated as shown in Fig. 3-22. The 15 nm-thick HfO2 
passivation and the ohmic-to-ohmic distance of 20 μm were used. This 
structure doesn’t include any Schottky contact so that blocking of gate leakage 
current can be excluded. At high drain voltage situation in the AlGaN/GaN 
MOS-HEMTs, this surface leakage current through isolation region is very 
important because there is no depletion region at an isolated region by mesa 
etching. The surface leakage current when 100 V is applied is considerably 
reduced from 87.7 μA mm to 81.7 pA/mm after 15 nm-thick HfO2 passivation. 
It indicates that the RF-sputtered HfO2 insulator is useful to improve the 
surface problems such as leakage current and electron trapping into the 
surface states by passivating the GaN surface. The HfO2 may also suppress the 
damage introduced by mesa etching and thermal annealing. In addition, this 
result proves clearly that this suppression of surface leakage current by HfO2 
passivation is dominant mechanism of high breakdown voltage in the 
AlGaN/GaN MOS-HEMTs using HfO2 gate insulator.  
























































Figure 3-21: (a) Top view of the circular AlGaN/GaN SBDs for investigation 
into leakage current path. Three-different anode-diameters were used. (b) 
leakage current according to anode diameter (c) leakage current and its 
deviation. 
  



















































































Figure 3-22: (a) Mesa-isolated two ohmic pattern to investigate the 
passivation effects of HfO2 insulator on the AlGaN/GaN MOS-HEMTs (b) 
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3.5.3 Blocking Forward and Reverse Gate Leakage 
Current 
 
Figure 3-23 (a) shows gate–drain diode I–V characteristics of the 
conventional HEMT and the MOS-HEMT with HfO2. This I-V measurement was 
performed to directly evaluate the blocking properties of gate leakage current 
by HfO2 gate insulator. Blocking gate leakage current is important to obtain 
reliable and high-voltage devices. I swept the gate-drain voltage (VGD) from –
10 to 3 V. The 15 nm-thick HfO2 gate insulator blocks the leakage current 
under both a positive and a negative bias. The forward leakage current of the 
MOS-HEMTs is 11 nA/mm when VGD= 3 V, while this value for the conventional 
HEMT is 56 mA/mm. The reverse leakage current is also reduced by the HfO2 
gate insulator from −9.7 μA/mm for the conventional HEMT to −33 pA/mm 
for the MOS-HEMT with HfO2 when VGD= −10 V. Asymmetry I-V characteristics 
between forward and reverse region result from presence of depletion region 
underneath the gate at reverse bias. Thus, the higher serial resistivity under 
the reverse bias along MOS structure brought out the lower leakage current 
compared to that under forward bias. The MOS-HEMT with HfO2 is capable of 
a positive gate bias of up to 10 V as shown in Fig. 3-23 (b) and (c). HfO2 
effectively blocks the forward gate leakage current by means of hot carrier-
induced tunneling via the gate insulator. High forward-gate breakdown 
voltage meaning high-current capability is desired in the AlGaN/GaN MOS-
HEMTs. Thicker gate insulator causes negative shift of VTH so that high 
breakdown field of gate insulator is needed. The breakdown field over 6.7 
MV/cm was achieved in this gate-drain MOS diodes. Even if the channel 
resistance should be considered, channel resistance doesn’t affect the validity 
of breakdown field because electrons are accumulated at the HfO2/GaN 
interface underneath the gate at the high gate-drain bias.  
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Figure 3-23: (a) Gate-drain diode I-V characteristics of AlGaN/GaN HEMT and 
MOS-HEMT using RF-sputtered HfO2 gate insulator (b) forward gate 
breakdown of AlGaN/GaN MOS-HEMT in linear scale (c) forward gate 
breakdown of AlGaN/GaN MOS-HEMT in log scale. 
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3.5.4 Switching Characteristics 
 
Figure 3-24 shows the measured transfer characteristics of the fabricated 
devices when VDS is 5 V. The on/off current ratio is determined at ID,ON when 
VGS= 0 V and ID,OFF when VGS= −10V. The on/off current ratio of the MOS-HEMT 
with HfO2 gate insulator (2.37×1010; ID,OFF= 8.01 pA/mm and ID,ON= 191 
mA/mm) is dramatically improved compared to that of the conventional 
HEMT of 7.61×103 (ID,OFF= 23 μA/mm and ID,ON= 175 mA/mm). The high on/off 
current ratio indicates that the HfO2 successfully suppresses the gate leakage 
current as well as the isolation leakage current from drain to source. The VTH 
values of the conventional HEMT and the MOS-HEMT with HfO2 are −2.3 and 
−4.2 V, respectively. The maximum transconductance value is decreased from 
91.6 to 80.7 mS/mm by HfO2 gate insulator. MOS structure provides longer 
distance between gate and 2DEG channel as well as weak controllability over 
2DEG channel compared to the conventional Schottky-gate. Thus, high-k gate 
insulator materials are desired to improve gate controllability over 2DEG 
channel. I also fabricated the AlGaN/GaN MOS-HEMT using a 15 nm-thick ICP-
CVD-SiO2 gate insulator and the same epitaxial structure as the proposed 
device using HfO2 for comparing purpose. The MOS-HEMT using SiO2 exhibits 
considerably low VTH of −15.8 V due to the low-k characteristics of SiO2. At the 
higher VGS than 0 V, the transconductance is decreased by the electrons over-
flown from 2DEG channel and AlGaN barrier accumulation phenomena. 
In Fig. 3-25, the transfer characteristics were measured at VGS range from 
–100 to 10 V to confirm stable switching characteristics of the AlGaN/GaN 
MOS-HEMT using HfO2 gate insulator. The MOS-HEMT shows no significant 
increase of leakage current even highly negative VGS is applied up to –100 V. 
The forward breakdown occurs at high VGS of 9.2 V. It indicates that RF-
sputtered HfO2 gate insulator is suitable for the high applications. 
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Figure 3-24: Transfer characteristics of AlGaN/GaN HEMT and MOS-HEMT 
with RF-sputtered HfO2 at VDS of 10 V. 
 


































Figure 3-25: Transfer characteristics of AlGaN/GaN MOS-HEMT with RF-
sputtered HfO2 at VDS of 10 V in the VGS range from –100 to 10 V.  
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3.5.5 Pulsed I-V Characteristics 
 
Figure 3-26 shows the DC and pulsed output I–V of the AlGaN/GaN HEMT 
and the MOS-HEMT with HfO2 gate insulator. The VGS for DC output I–V was 
swept from 2 to −6 V at –2 V increment. The pulsed I–V measurement 
conditions are presented in timing diagram of Fig. 3-26 (a). I used base VGS of 
−3 V for the conventional HEMT and that of −5 V for the MOS-HEMT with HfO2 
due to the different VTH values between the two devices. And, pulse width of 5 
μs and period of 1 ms were used. The maximum DC drain current of the MOS-
HEMT at VGS of 2 V is 330 mA/mm and that of the conventional HEMT is 359 
mA/mm. This decrement of drain current agrees well with the 
transconductance shown in section 3.5.4. Drain current degradation of the 
MOS-HEMT with HfO2 under pulsed gate and drain bias was less than that of 
the conventional device, indicating that the HfO2 gate insulator suppresses the 
surface trap effects or prevents a current collapse in the AlGaN/GaN MOS-
HEMT. The measured ID,pulse/ID,DC ratio at VGS of 2 V is increased from 0.68 to 
0.87.  
Pulsed output I-V measurement is useful for analysis of an electron 
trapping effects in the AlGaN/GaN heterostructure-based devices. Pulsed I-V 
measurement includes self-heating and the electron trapping effects 
depending on applied bias, pulse width, and period [106]. In this 
measurement, the thermal effects-related current reduction cannot be 
ignored because of a rather long pulse width of 5 μs. Decrease of pulsed drain 
current in the conventional AlGaN/GaN HEMT results from slow response of 
electrons to test signal due to trapping into surface shallow traps. The 
electrons trapping is suppressed by RF-sputtered HfO2 gate insulator so that 
channel modulation of the MOS-HEMT with HfO2 gate insulator may be faster 
than the conventional HEMT.  
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Figure 3-26: (a) Timing diagram for pulsed I-V measurement (b) DC and 
pulsed output I-V characteristics of the conventional AlGaN/GaN HEMT (c) DC 
and pulsed I-V characteristics of the AlGaN/GaN MOS-HEMT using RF-
sputtered HfO2 gate insulator.  
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3.5.6 Reliability of AlGaN/GaN MOS-HEMTs 
 
The drain and gate leakage current were monitored with fixed bias 
condition to evaluate reliability characteristics of reverse blocking under 
negative DC stress. The VGS of –10 V and VDS of 100 V were applied for 100 s. 
The drain leakage current of the conventional HEMT and the MOS-HEMT using 
HfO2 gate insulator are shown in Fig. 3-27. The drain leakage current of the 
conventional AlGaN/GaN HEMT is increased from 57.4 to 496 μA/mm after 
negative DC stress of 100 s. The injected electrons into the surface states 
during measurement increase the leakage current more. 
However, drain leakage current of the AlGaN/GaN MOS-HEMTs with HfO2 
gate insulator are not altered after 100 s. Figure 3-28 shows the drain and gate 
leakage current of the AlGaN/GaN MOS-HEMT according to measuring time. 
Thus, all experimental results in section 3.5 reveal that RF-sputtered HfO2 gate 
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Figure 3-27: Monitored drain leakage current of conventional HEMT and 
MOS-HEMT with HfO2 for 100 s. 
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Figure 3-28: Monitored drain leakage current and gate leakage current of 
AlGaN/GaN MOS-HEMT with HfO2 for 100 s. 
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3.5.7 Capacitance-Voltage Characteristics 
 
 
Figure 3-29 shows capacitance-voltage (C-V) characteristics of the 
AlGaN/GaN MOS-HEMT using HfO2 gate insulator sputtered at 3 mTorr and 50 
W. I varied maximum gate-source bias with fixed frequency of 1 MHz to 
investigate response of electrons to HfO2/GaN interface states. The 
capacitance curve with VGS sweeping range from –10 to –0.5 V has a small 
hysteresis of 100 mV near VTH. However, the capacitance curve with VGS 
sweeping range from –10 to 5 V has a large hysteresis of 1.1 V corresponding 
acceptor-like traps at the HfO2/GaN interface [107]. The electrons are 
accumulated at AlGaN barrier layer and capacitance increases with steep 
slope when gate bias is higher than 2.5 V.  
Figure 3-30 shows the C-V characteristics with measuring frequencies of 
1, 10, 100 kHz, and 1 MHz. At all frequency conditions, almost indentical 
hysteresis near VTH is observed. However, the lower frequency causes the high 
capacitance value and the large hysteresis at positive VGS range. This high 
capacitance values are originated from the electron capturing at the 
oxide/GaN interface [65]. This result indicates that the electron capturing at 
HfO2/GaN interface states is a slow process which responds to the lower 
frequency than 1 MHz. The partial electrons which cannot be emitted during 
revese sweep is dominant reason for large hysteresis at positive VGS range. The 
similar hysteresis values near VTH in the AlGaN/GaN MOS-HEMT using RF-
sputtered HfO2 gate insulator provides stable operation at various frequencies.  
Interface trap density (Dit) is extracted by terman’s method using high 
frequency C-V characteristics to preciously evaluate interface quality between 
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HfO2 gate insulator and the AlGaN/GaN heterostructure. Terman’s method 
uses strech-out phenomenon caused by interface traps when the C-V 
characteristics are measured at high frequency. I summaried material 
parameters for the extraction of Dit in Table 3-1. The Dit can be extracted by 
comparing two curves between ideal C-ψS and experimental C-VGS results as 





















Neff and ηF,well are effective conduction-band density-of-states and 
normalized Fermi energy relative to the conduction band in the quantum well, 
respectively. In this extraction method for Dit, I assumed AlGaN barrier as 
serial insulating layer with HfO2 gate insulator. The material parameter used 
for this calculation is summaried in [109, 110, 111, 112]. After calculation of 
ideal C-ψS curve, I matched it with experimental result os C-VGS curve. Then, I 
obtain ∂𝑉𝐺𝑆/ ∂𝜓S relationship from two curves. Finally Dit was extracted by 













By using this terman’s method, I obtained Dit distribution as shown in Fig. 
3-32. The extracted Dit value at 0.1 eV below the conduction band minimum is 
6×1012 cm–2·eV–1. 
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Figure 3-29: C-V characteristics of AlGaN/GaN MOS-HEMT with variation of 
maximum VGS sweeping range. 





































Figure 3-30: C-V characteristics of AlGaN/GaN MOS-HEMT with variation of 
measuring frequency. 
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Figure 3-31: C-V characteristics for ideal and experimental results. 
 
Table 3-1: Material parameter of AlGaN/GaN heterostructure for Dit-
extraction [109, 110, 111, 112]. 
Parameter name Unit Numerical value 
Bandgap at RT eV 
3.42 (GaN) 
3.87 (AlGaN) 







Band offset eV 
0.312 
(AlGaN/GaN) 
THfO2 nm 15 
TAlGaN nm 23 
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Figure 3-32: Extracted Interface trap density of AlGaN/GaN MOS-
HEMTs using RF-sputtered HfO2 gate insulator. 
  




In this chapter, high-quality RF-sputtered HfO2 gate insulator was 
proposed to obtain high on/off current ratio and high breakdown voltage in 
the AlGaN/GaN MOS-HEMTs-on-Si substrates. The material and electrical 
characteristics at various sputtering and post-deposition annealing process 
were studied. The AlGaN/GaN MOS-HEMT with RF-sputtered HfO2 showed 
excellent blocking characteristics compared to the conventional AlGaN/GaN 
HEMT. I achieved the high breakdown voltage of 1524 V and high on/off 
current ratio of 2.37×1010. These values for the conventional HEMT were 470 
V and 7.6×103, respectively. Also, I evaluated the blocking characteristics and 
passivation effects of RF-sputtered HfO2 on the AlGaN/GaN MOS-HEMTs by 
measuring various electrical properties. The MOS-HEMT with HfO2 gate 
insulator showed gate leakage current of −67 pA/mm at VGS= −10 V and VDS= 
100 V and drain leakage current was not considerably altered for 100 s. 
However, the conventional HEMT without any gate insulator had gate leakage 
current of −44.7 μA/mm and drain leakage current was increased from 57.5 
to 496 μA/mm after 100 s. The sputtered HfO2 showed weak crystallinity in 
XRD results. This indicates that HfO2 is suitable for use as gate insulator of the 
high-voltage AlGaN/GaN MOS-HEMTs. 
  












Recently, AlGaN/GaN high-electron-mobility transistors (HEMTs) have 
proven their real worth as next-generation power devices due to the excellent 
material properties. With the successful growth of GaN-on-Si, despite the large 
lattice and thermal mismatch, GaN devices have been facing their 
commercialization in near future [114, 115]. As shown in chapter 1, several 
groups have released 600 V GaN power devices which are qualified joint 
electron for devices engineering council (JEDEC) standard. 
Although GaN-on-Si device technologies enable reduction of fabrication 
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cost due to cheap and large-sized Si substrate, the cost-related problems have 
been still critical. Among the various fabrication steps, formation of electrodes 
including Au costs great expense to implement for the AlGaN/GaN HEMTs. It 
is well known that thick source and drain electrodes are necessary to reduce 
series resistance for high-current devices [116]. The collected electrons from 
drain suffer series resistance in omic metal even wire bonding using Al or Au 
is used to reduce current crowding. A few μm-thick source and drain were 
reported for high-current operation as shown in Fig. 4-1 [117]. I described the 
series resistance in each electrode of the AlGaN/GaN HEMTs for 
understanding importance of electrode thickness.  
When Au-based electrodes are employed for the AlGaN/GaN HEMTs, 
another problem occurs in terms of compatibility with various fabrication 
equipments such as chemical vapor deposition (CVD) and etcher in the CMOS 
fabs. Au is not allowed in Si fabrication due to contamination issue. Therefore, 
the development of CMOS-compatible metals stack excluding Au in the GaN 
devices is a key issue to compete with Si-based power devices [118]. Also, Au-
free technologies are very useful for fabless companies because they can use a 
foundry service for GaN devices. 
In this chapter, I propose RF-sputtered TaN-based electrodes for the Au-
free AlGaN/GaN MOS-HEMTs. TaN-sputtering conditions such as sputtering 
power and working pressure are optimized to be implemented into the 
AlGaN/GaN MOS-HEMTs. The effects of thermal annealing for ohmic contact 
formation on the electrical and material properties of RF-sputtered TaN films 
are studied. In the end of this chapter, I propose and investigate an extended 
TaN-gate structure in the AlGaN/GaN MOS-HEMTs using RF-sputtered HfO2 
gate insulator for low on-resistance. This devices have high figure-of-merit 
(FOM) of 872 MW·cm−2 and low specific on-resistance (Ron,sp) of 2.28 mΩ·cm–
2 by the effectively reduced drain-source distance due to the extended TaN-
gate structure and HfO2 gate insulator. 
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Figure 4-1: Cross-sectional SEM image of AlGaN/GaN HEMT for high-current 
operation [117]. 
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4.2. Reported Technologies for Au-Free 
Fabrication 
 
For development of the GaN power devices, various Au-free technologies 
have been studied for CMOS-compatible fabrication by a few groups. Among 
the alternative metals for Au-free fabrication, tungsten (W) has been firstly 
used for the AlGaN/GaN HEMTs [119]. W-based electrodes make high-
temperature process possible after formation of metallic electrodes due to its 
excellent thermal blocking and stability characteristics. Based on these 
properties, gate-first process was reported using W-gate for the AlGaN/GaN 
MOS-HEMTs as shown in Fig. 4-2 [120]. However, considerably high resistivity 
of W is the biggest problem to be adopted to electrodes in the high-current 
AlGaN/GaN MOS-HEMTs. In addition, considerable heat is produced during W 
deposition by e-beam evaporation so that life-off process using negative photo 
resistor may be difficult. 
Copper (Cu) has attracted considerable attention due to its low-material 
cost and low resistance [121]. Also, Cu has been widely used for 
interconnection metal in CMOS fabs. Recently, IMEC has demonstrated 8-inch 
AlGaN/GaN HEMT-on-Si substrate using Cu-based electrodes as shown in Fig. 
4-3 [19]. This device using 60 mm-long gate exhibited maximum drain current 
of 6 A with normally-off operation. However, it is well known that Cu doesn’t 
have suitable etchant due to non-volatile properties of the Cu-radical 
compound. Thus, Cu process requires chemical mechanical polishing (CMP) 
process for its patterning and planarization. In addition, Cu-diffusion into 
semiconductor material during high-temperature process is concerned about 
traps-related problems.  
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Tantalum nitride (TaN) is promising material for alternative electrode of 
Au due to its excellent material properties such as low resistance and highly 
thermal stability. TaN has been widely used for thermal barrier of Cu-gate in 
CMOS process [122]. Quite recently, TaN has been reported as gate electrode 
in the AlGaN/GaN MOS-HEMT using atomic-layer-deposition (ALD)-Al2O3 gate 
insulator [123] as shown in Fig. 4-4. The large work function of TaN (4.5~4.5 
eV) has been established for gate electrodes materials [124]. 
  







Figure 4-2: Au-free AlGaN/GaN HEMT using recessed ohmic structure and 
Ti/Al/W electrode (a) cross-sectional SEM image (b) breakdown voltage 
characteristics [120]. 
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Figure 4-3: Cross-sectional SEM image of Au-free AlGaN/GaN transistor using 
Cu-based electrode [19]. 
  








Figure 4-4: AlGaN/GaN MOS-HEMT using ALD-Al2O3 gate insulator and TaN-
gate (a) cross-sectional SEM image (b) Transfer characteristics [124]. 
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4.3. Material Properties of RF-Sputtered TaN 
 
In this section, the material properties of RF-sputtered TaN films with 
various working pressure are studied. Also, electrical characteristics of TaN 
films are evaluated to obtain low resistance. TaN was formed by RF-sputtering 
on p+ Si substrate (10~15 Ω·cm) at room temperature. The working pressure 
was varied from 1 to 20 mTorr with sputtering power of 300 W, Ar flow of 20 
sccm, and sputtering time of 3000 s. The sheet resistance of RF-sputtered TaN 
films was examined by 4-point probe.  
Figure 4-5 shows thickness and sheet resistance of TaN sputtered at 
various working pressure. Thickness was measured by surface profiler (Alpha 
step). Sheet resistance of TaN films is reduced with decreasing working 
pressure. Low sheet resistance of 10.3 Ω/□ was achieved in the TaN film 
sputtered at working pressure of 1 mTorr. These results agree well with the 
resistance-variation of indium tin oxide (ITO) by sputtering method [125]. In 
this research, the resistance of ITO films was increased with increasing 
working pressure due to its phase shift. 
Next, the resistance-variation of RF-sputtered TaN films after post-
deposition annealing (PDA) is investigated. The effects of thermal annealing 
on electrical characteristics of TaN films should be verified because high-
temperature annealing may affect contact resistance and on-resistance in the 
AlGaN/GaN devices. High-temperature annealing over 800 oC is required to 
form ohmic contact when Ti/Al-based metal stack is used. Locally formed TiN 
under source and drain by thermal annealing produces nitrogen vacancies 
which act as donor states. When Ti/Al/TaN-ohmic contact is used for source 
and drain, TaN should sustain high-annealing temperature. As shown in Fig. 4-
6, sheet resistance of TaN sputtered at 1 mTorr is rather increased after PDA. 
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Sheet resistance of TaN films after PDA at the 980 oC is increased from 10.3 to 
18.9 Ω/□. The 880 oC was used for Ti/Al/Ni/Au-ohmic contact of the 
conventional AlGaN/GaN HEMTs and the MOS-HEMTs used in the dissertation. 
The increase of sheet resistance is caused by shift of maximum-peak location 
from 34.7o to 35.9o as shown in Fig. 4-7. It means that hexagonal structure 
including TaN (110) and Ta2N (002) bonding is shifted to cubic structure 
including TaN bonding (002), which is centered at 35.9o after PDA. Surface 
scanning electron microscopy (SEM) image in Fig. 4-8 shows the increased 
morphology as well as dense surface after PDA. Tens of grain size of RF-
sputtered TaN films after PDA at 980 oC was observed. 
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Figure 4-5: Sheet resistance and thickness of RF-sputtered TaN film 
according to working pressure. 
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Figure 4-6: Sheet resistance of RF-sputtered TaN before and after PDA at 
various temperatures. 
 
Figure 4-7: XRD results of RF-sputtered TaN before and after PDA at various 
temperatures. 
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Figure 4-8: Surface SEM image of RF-sputtered TaN films before and after 
PDA at various temperatures (a) as-deposited (b) annealing at 780 oC for 40 s 
(c) 880 oC for 40 s (d) 980 oC for 40 s 
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4.4. Electrical Properties of AlGaN/GaN 
MOS-HEMTs Employing TaN-Gate 
 
In this section, electrical characteristics of the AlGaN/GaN MOS-HEMTs 
using RF-sputtered TaN-gate are studied to examine channel controllability by 
TaN-gate instead of Ni/Au-gate. Schematic cross-sectional view of the 
AlGaN/GaN MOS-HEMTs-on-Si (111) substrate using RF-sputtered TaN-gate is 
shown in Fig. 4-9. The MOCVD-grown epitaxial layers consist of 3 nm-thick 
GaN cap/20 nm-thick Al0.23Ga0.77N barrier/1 nm-thick AlN spacer/100 nm-
thick i-GaN/3.9 μm-thick C-doped GaN buffer. The 270-deep mesa was formed 
for device-to-device isolation. Ti/Al/Ni/Au (20/80/20/100 nm) was 
deposited for source/drain by using e-gun evaporator and lift-off. This was 
annealed at 880 oC for 40 s to form ohmic contact. Prior to HfO2 sputtering, I 
dipped the device into 30:1 BOE for 30 s to remove native oxide. Then, 15 nm-
thick HfO2 was sputtered at 3 mTorr and 50 W with Ar flow of 15 sccm at room 
temperature. And finally, 43 nm-thick TaN-gate was formed on HfO2 gate 
insulator by RF-sputtering and lift-off technique. Ar flow of 15 sccm and 
working pressure of 1 mTorr were used for TaN sputtering without substrate 
heating. Sputtering power was varied from 50 to 350 W. The gate length, gate–
source distance, gate–drain distance, and gate width were 3, 3, 10, and 50 μm, 
respectively. 
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4.4.1 Switching Characteristics 
 
Figure 4-10 shows transfer characteristics of the AlGaN/GaN HEMTs 
using Ni/Au-gate and TaN-gate, MOS-HEMT using TaN-gate at VDS of 10 V. 
Sputtering power of 350 W was used for TaN-formation. VTH was determined 
by constant current method at drain current of 1 mA/mm. The AlGaN/GaN 
HEMT using TaN-gate shows relatively high VTH of –1.2 V compared to that 
using Ni/Au-gate (–2.4 V) due to low work-function of RF-sputtered TaN. As 
discussed in above results, the AlGaN/GaN HEMT using TaN-gate sputtered at 
350 W shows high drain leakage current so that the device has low on/off 
current ratio of 5.23×102 when VGS= 2 V and ID,OFF when VGS= −8 V while that of 
the HEMT using Ni/Au-gate shows 2.1×104. The AlGaN/GaN MOS-HEMT using 
TaN-gate exhibits relatively high VTH of –1.9 V due to sputtering damage to 
HfO2 gate insulator and leakage current. Also, this MOS-HEMT has low on/off 
current ratio of 1.49×104 because of degradation of on-current by sputtering 
damage during TaN-gate formation. 
As shown in Fig. 4-11, very high on/off current of 8.86×1010 was achieved 
in the AlGaN/GaN MOS-HEMT using TaN-gate and HfO2 gate insulator with low 
sputtering power of 50 W. Thus, it is explained that low sputtering power is 
helpful to improve reverse blocking characteristics by suppressing sputtering 
damage to HfO2 gate insulator. In addition, dissipation of forward current is 
suppressed by successfully blocked gate-drain and gate-source diodes current. 
These transfer characteristics of the MOS-HEMT using TaN-gate sputtered at 
low sputtering power reveals RF-sputtered TaN-gate is promising and suitable 
material as an alternative gate for the Au-free AlGaN/GaN devices. 
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Figure 4-10: Transfer characteristics of AlGaN/GaN HEMT and MOS-HEMTs 
using TaN-gate sputtered at 350 W. 
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Figure 4-11: Transfer characteristics of AlGaN/GaN HEMT and MOS-HEMT 
using TaN-gate sputtered at 50 W (a) linear scale (b) log scale. 
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4.4.2 Reverse Blocking Characteristics 
 
Here, reverse blocking characteristics of the AlGaN/GaN MOS-HEMTs 
using TaN-gate are discussed. Firstly, the effects of TaN-sputtering power on 
the electrical properties of the MOS-HEMTs are investigated. I compared four-
different devices including the AlGaN/GaN HEMTs using Ni/Au-gate and TaN-
gate, MOS-HEMTs using Ni/Au-gate and TaN-gate. The drain and gate leakage 
current at VGS of –10 V are shown in Fig. 4-12. In this experiment, 43 nm-thick 
TaN was sputtered at high-sputtering power of 350 W. As I stated in chapter 3, 
leakage current of the AlGaN/GaN MOS-HEMT using Ni/Au-gate was 
dramatically decreased by HfO2 gate insulator. The AlGaN/GaN HEMT using 
TaN-gate without any gate insulator shows relatively high drain leakage 
current of 2.29 mA/mm and gate leakage current of –2.37 mA/mm compared 
to the device using Ni/Au-gate at VDS of 100 V. These results are explained by 
two factors. First one is low Schottky barrier height (ΦBN) of TaN/GaN 
interface compared with that of Ni/GaN interface. Low ΦBN causes higher 
probability of electron-transfer from gate to the GaN surface. Second one is 
considerable sputtering damage to HfO2 gate insulator during TaN-gate 
formation with high-sputtering power of 350 W. Higher gate leakage current 
than drain leakage current reveals the HfO2 gate insulator is physically broken 
by TaN-sputtering at high power.  
Figure 4-13 shows drain and gate leakage current of the AlGaN/GaN 
HEMTs using Ni/Au-gate and TaN-gate, MOS-HEMT using TaN-gate. TaN was 
sputtered at low sputtering power of 50 W considering damage to HfO2 gate 
insulator. The AlGaN/GaN MOS-HEMT using TaN-gate sputtered at 50 W 
exhibits considerably low drain leakage current of 17.4 pA/mm and gate 
leakage current of –8.3 pA/mm at VGS of –10 V and VDS of 100 V. It means that 
   
123 
sputtering power during TaN-gate formation should be minimized to improve 
reverse blocking characteristics.  
Breakdown voltage of the AlGaN/GaN HEMT and MOS-HEMT using TaN-
gate sputtered at 50 W and 10 μm-long LGD at VGS of –4 V is shown in Fig. 4-14. 
It has been demonstrated that the breakdown voltage was measured at the 
drain leakage current of 1 mA/mm. High breakdown voltage of 1460 V was 
achieved by RF-sputtered HfO2 gate insulator and low sputtering power of 50 
W for TaN-gate formation in the AlGaN/GaN MOS-HEMT using TaN-gate while 
HEMT without gate insulator shows considerably low value of 120 V due to its 
leaky characteristics. 
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Figure 4-12: (a) Drain leakage current of AlGaN/GaN HEMTs and MOS-HEMT 
using Ni/Au- and TaN-gate sputtered at 350 W (b) gate leakage current. 
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Figure 4-13: (a) Drain leakage current of the AlGaN/GaN HEMTs and MOS-
HEMT using Ni/Au- and TaN-gate sputtered at 50 W (b) gate leakage current. 
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Figure 4-14: Breakdown voltage of AlGaN/GaN HEMT and MOS-HEMT using 
TaN-gate sputtered at 50 W. 
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4.5 Electrical Properties of AlGaN/GaN 
MOS-HEMTs Employing TaN-Gate and 
Ti/Al/TaN-Source/Drain 
 
In this section, I describe electrical characteristics of the fully Au-free 
AlGaN/GaN MOS-HEMTs using TaN-based electrodes. Ti/Al/TaN (20/80/100 
nm) and TaN (43 nm) were used for source/drain and gate, respectively. 
Schematic cross-sectional view of the AlGaN/GaN MOS-HEMTs-on-Si (111) 
substrate using RF-sputtered TaN-gate and Ti/Al/TaN-source/drain is shown 
in Fig. 4-15. The MOCVD-grown epitaxial layers consist of 3 nm-thick GaN 
cap/20 nm-thick Al0.23Ga0.77N barrier/1 nm-thick AlN spacer/100 nm-thick i-
GaN/3.9 μm-thick C-doped GaN buffer. The 270-deep mesa was formed for 
device-to-device isolation. Ti/Al (20/80 nm) was deposited by e-gun 
evaporator and 100 nm-thick TaN was sputtered at 350 W. Ar flow of 15 sccm 
and working pressure of 1 mTorr were used for TaN sputtering without 
substrate heating. This was annealed at various temperatures from 780 to 980 
oC for 40 s to form ohmic contact. Prior to HfO2 sputtering, I dipped the device 
into 30:1 BOE for 30 s to remove native oxide. Then, 15 nm-thick HfO2 was 
sputtered at 3 mTorr and 50 W with Ar flow of 15 sccm at room temperature. 
And finally, 43 nm-thick TaN-gate was formed on HfO2 gate insulator by RF-
sputtering with sputtering power of 50 W. Ar flow of 15 sccm and working 
pressure of 1 mTorr were used for TaN sputtering. The AlGaN/GaN MOS-
HEMT using Ti/Al/Ni/Au-source/drain (20/80/20/100 nm) and Ni/Au-gate 
(30/150 nm) was fabricated for comparison purpose. Gate length, gate–source 
distance, gate–drain distance, and gate width were 3, 3, 10, and 50 μm, 
respectively.  
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Figure 4-15: Cross-sectional view of fabricated AlGaN/GaN MOS-HEMTs 
using TaN-gate and Ti/Al/TaN-source/drain. 
  
Si (111) substrate
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4.5.1. Switching Characteristics 
 
Figure 4-16 shows output I-V characteristics and specific on-resistance 
(Ron,sp) of the AlGaN/GaN MOS-HEMT using Ti/Al/Ni/Au-source/drain and 
Ni/Au-gate, the MOS-HEMTs using Ti/Al/TaN-source/drain with various 
annealing temperatures. Drain current of the devices using Ti/Al/TaN-
source/drain are less than that using Ti/Al/Ni/Au-source/drain because of 
the relatively high resistivity of RF-sputtered TaN films compared to Au. The 
highest drain current of 270 mA/mm measured at VGS of 2 V and VDS of 10 V in 
the device annealed at 880 oC was obtained among the devices using various 
annealing temperatures while that with Ti/Al/Ni/Au-source/drain showed 
293 mA/mm. The effects of thermal-annealing temperature on Ron,sp of the 
AlGaN/GaN MOS-HEMTs using Ti/Al/TaN-source/drain can be divided into 
two tendencies. As shown in section 5.3, sheet resistance of RF-sputtered TaN 
films is increased with increasing PDA temperature due to their phase shift by 
annealing. Another contribution to Ron,sp is that regarding contact resistance 
variation of ohmic contact according to annealing temperature. It is well 
known that enough annealing temperature is required to obtain low contact 
resistance in the AlGaN/GaN HEMTs. High annealing temperature provides 
sufficient nitrogen vacancy concentration under source/drain electrodes by 
forming TiN region. Arising from these two-tendencies for on-resistance of the 
AlGaN/GaN MOS-HEMTs using Ti/Al/TaN-source/drain, I conclude that 
annealing temperature of 880 oC is optimum point to obtain high-performance 
Au-free AlGaN/GaN MOS-HEMT using Ti/Al/TaN-source/drain. 
In Fig. 4-17, transfer characteristics of the following devices; (1) 
AlGaN/GaN HEMT using Ni/Au-gate and Ti/Al/Ni/Au-source/drain, (2) MOS-
HEMT using Ni/Au-gate and Ti/Al/Ni/Au-source/drain, (3) MOS-HEMT using 
   
130 
TaN-gate and Ti/Al/Ni/Au-source/drain, (4) MOS-HEMT using TaN-gate and 
Ti/Al/TaN-source/drain. Annealing was performed at 880 oC for 40 s under N2 
ambient for all devices. The device structures are summarized at inset table in 
Fig. 4-17. Transfer characteristics of the Au-free AlGaN/GaN MOS-HEMT using 
TaN-gate and Ti/Al/TaN-source/drain shows almost identical current values 
with that using Ti/Al/Ni/Au-source/drain. The MOS-HEMTs using TaN-gate 
show relatively high VTH of –3.6 V compared to Ni/Au-gate devices due to the 
low work function of RF-sputtered TaN films compared to e-gun evaporated 
Ni.  
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Figure 4-16: Output I-V characteristics of AlGaN/GaN MOS-HEMTs using 
Ti/Al/Ni/Au- and Ti/Al/TaN-source/drain annealed at various temperatures. 
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Figure 4-17: Transfer characteristics of AlGaN/GaN HEMT and MOS-HEMTs 
using Ti/Ai/Ni/Au- and Ti/Al/TaN-source/drain annealed at 880 oC. 
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4.5.2. Reverse Blocking Characteristics 
 
Drain and gate leakage current of the Au-free AlGaN/GaN MOS-HEMTs 
using TaN-gate and Ti/Al/TaN-source/drain measured at VGS of –10 V is shown 
in Fig. 4-18. The Au-free devices exhibit no significant degradation of reverse 
blocking characteristics compared to that using Ni/Au-gate and Ti/Al/Ni/Au-
source/drain. Au-free MOS-HEMTs using Ti/Al/TaN-source/drain have 
hundreds level-drain and gate leakage current while that using Ti/Al/Ni/Au-
source/drain exhibits tens-level leakage current. Also, considerable effects of 
annealing temperature on gate and drain leakage current are not shown. 
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Figure 4-18: (a) Drain leakage current of AlGaN/GaN MOS-HEMTs using 
Ti/Al/Ni/Au- and Ti/Al/TaN-source/drain annealed at various temperatures 
(b) gate leakage current. 
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4.6. Electrical Properties of AlGaN/GaN 
MOS-HEMTs Employing Extended TaN-
Gate Structure 
 
I proposed and evaluated electrical properties of the Au-free AlGaN/GaN 
MOS-HEMTs using RF-sputtered TaN electrodes in above section. In this 
section, I propose new TaN-gate structure in the AlGaN/GaN MOS-HEMTs 
using HfO2 gate insulator based on the results in section 5.5. The TaN-gate 
overlapped source with 15 nm-thick HfO2 insulation. This extended gate 
structure reduces effective drain-source distance without any change of gate-
drain distance by eliminating gate-source space. The Ron,sp improvement by 
this new structure is investigated in this section. 
 
4.6.1. Reported Technologies for a Low On-
Resistance 
 
On-resistance is most important index to decide maximum current 
capability and switching speed in power devices. Most devices have trade-off 
relationship between on-resistance and breakdown voltage as described in 
chapter 1. Due to low on-resistance characteristics of the AlGaN/GaN 
heterostructure-based devices by piezoelectric polarization and two-
dimensional electron gas (2DEG) channel, the AlGaN/GaN HEMTs have 
received considerable attention for next-generation power devices. To obtain 
more high-current density, many groups have investigated new technologies.  
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Almost the whole technologies reported previously have focused on GaN 
epitaxial growth [55, 126, 127]. InGaN-barrier insertion under thin GaN buffer 
layer increases electron carrier concentration and mobility in 2DEG channel 
[126]. InGaN-barrier improves carrier confirmation by additional quantum-
well formation at the GaN/InGaN hetero-interface as shown in Fig. 4-19. Also, 
additional GaN back-barrier formed by InGaN insertion suppresses electron 
overflow from 2DEG channel to high-resistive GaN buffer region. Recently, 
AlGaN back-barrier has been also reported to improve carrier confirmation 
and increase breakdown voltage [55]. In addition, double heterostructure 
AlGaN/GaN HEMTs using AlN-forward barrier instead of AlGaN barrier was 
reported. Al mole-fraction in AlGaN barrier is dominant factor to decide 
piezoelectric polarization and sheet charge density. AlN front-barrier provides 
higher electron concentration than AlGaN by strong piezoelectric polarization 
and large conduction-band discontinuity between AlN front-barrier and GaN 
buffer layer (Fig. 4-20) [127].  
  







Figure 4-19: (a) Effect of insertion of InGaN in GaN buffer layer (b) band 
diagram of the InGaN back-barrier [126]. 
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Figure 4-20: Schematic cross section of fabricated AlN/GaN/AlGaN DHFETs 
[127]. 
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4.6.2. Device Structure and Requirement for Stable 
Operation 
 
In this section, structure and operation mechanism of the proposed 
AlGaN/GaN MOS-HEMTs using extended TaN-gate structure are explained. 
Same fabrication procedure and epitaxial structure are used for the 
AlGaN/GaN MOS-HEMTs using extended TaN-gate as the experiment in above 
section. Schematic cross-sectional view of the AlGaN/GaN MOS-HEMTs-on-Si 
(111) substrate using extended TaN-gate is shown in Fig. 4-21 [128] . The 
MOCVD-grown epitaxial layers consist of 3 nm-thick GaN cap/20 nm-thick 
Al0.23Ga0.77N barrier/1 nm-thick AlN spacer/100 nm-thick i-GaN/3.9 μm-thick 
C-doped GaN buffer. The 270-deep mesa was formed for device-to-device 
isolation. Ti/Al/Ni/Au (20/80/20/100 nm) was deposited for source/drain 
by using e-gun evaporator and lift-off. This was annealed at 880 oC for 40 s to 
form ohmic contact. Prior to HfO2 sputtering, I dipped the device into 30:1 BOE 
for 30 s to remove native oxide. Then, 15 nm-thick HfO2 was sputtered at 3 
mTorr and 50 W with Ar flow of 15 sccm at room temperature. And finally, 43 
nm-thick TaN-gate was formed on HfO2 gate insulator by RF-sputtering and 
lift-off technique. Ar flow of 15 sccm, working pressure of 1 mTorr, and 
sputtering power of 50 W were used for TaN sputtering without any substrate 
heating. The gate length, gate–drain distance, and gate width were 3, 10, and 
50 μm, respectively. The 2 μm-long extended gate overlapped source with HfO2 
insulation so that gate-source space was eliminated by this structure.  
For stable operation in this structure, high dielectric breakdown field is 
the most important. In case of the conventional AlGaN/GaN HEMTs, series 
resistance between gate insulator and depletion region sustain negative gate 
bias less than VTH to be turned off while only gate insulator sustain positive 
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gate bias during on-state. In case of the proposed devices using extended gate 
structure, however, only gate insulator should sustain both positive and 
negative gate bias due to metal-oxide-metal (TaN-HfO2-Ti/Al/Ni/Au) 
structure. Therefore, higher dielectric breakdown voltage of gate insulator 
than |VTH| is required. Thick gate insulator causes shift of VTH in negative 
direction so that high dielectric breakdown field is needed. The relationship 
between thickness of gate insulator and VTH as well as dielectric breakdown 
voltage is shown in Fig. 4-22. 
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4.6.3. Forward characteristics 
 
Output I-V and transfer characteristics of the conventional AlGaN/GaN 
MOS-HEMT and the device using extended gate structure are shown in Fig. 4-
23. In output I-V characteristics, VGS was swept from 2 to –6 V at –2 V increment. 
Maximum drain current of the AlGaN/GaN MOS-HEMTs using extended gate is 
421 mA/mm at VGS of 2 V while the conventional MOS-HEMT has 332 mA/mm 
because of the successfully eliminated gate-source space by the extended gate 
structure. This improvement of drain current leads reduction of on-resistance 
from 2.91 to 2.28 mΩ·cm2. On-resistance was extracted at VGS of 2 V and VDS of 
1 V. I assumed effective length of source and drain region, which act as current 
path, are 2.5 μm. As shown in Fig. 4-23(b), however, the proposed AlGaN/GaN 
MOS-HEMT using the extended gate structure has narrow VGS sweeping range 
from –4 to 4 V due to MIM structure including source, HfO2 gate insulator, and 
gate. When normally-off techniques such as recess gate and F– ion 
implantation are used to this structure, the operation point would be moved 
to above VGS of 0 V. Thus, sufficient reverse VGS can be applied and this device 
using the extended gate can shows stable blocking characteristics. Increase of 
drain current by this proposed structure well matches with output I-V 
characteristics. As I showed in Fig. 4-24 and Fig. 4-25, Ron,sp was proportionally 
increased to LGD. The highest reduction rate of Ron,sp by the extended gate 
structure was observed at LGD of 10 μm. It is explained that LGS space has great 
part in total LDS at the short-LGD devices compared to long-LGD devices. Also, 
the highest reduction ratio of Ron,sp was obtained at short-LGD devices. Thus, I 
can say with fair certainty that this extended gate is advantageous for high-
current AlGaN/GaN MOS-HEMTs with short LGD. 
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Figure 4-23: Forward characteristics of AlGaN/GaN MOS-HEMTs with and 
without extended gate structure (a) output I-V (b) transfer characteristics. 
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 MOS-HEMT with extended gate
 
Figure 4-24: LGD versus Ron,sp of AlGaN/GaN MOS-HEMTs with and without 
extended gate. 

























































Figure 4-25: LGD versus reduction ratio of Ron,sp and LDS in AlGaN/GaN MOS-
HEMTs with and without extended gate. 
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4.6.4. Reverse Blocking Characteristics 
 
Figure 4-26 shows drain and gate leakage current of the AlGaN/GaN MOS-
HEMTs with and without the extended gate structure. These were measured 
at VGS of –4 V. As already shown in above experiment, the AlGaN/GaN MOS-
HEMT with TaN-gate without the extended gate structure had very low drain 
leakage current of 17.4 pA/mm and gate leakage current of –8.3 pA/mm at VDS 
of 10 V due to effectively blocked gate leakage current by HfO2 gate insulator. 
However, the devices using the extended gate structure exhibits slightly high 
drain leakage current of 18.4 nA/mm and gate leakage current of –1.74 
nA/mm arising from tunneling leakage component at the extended gate region 
through 15 nm –thick HfO2 gate insulator.  
Although a little leakage component at the extended gate region is 
observed, the breakdown voltage of the AlGaN/GaN MOS-HEMT using the 
extended gate has almost identical value with that of the conventional MOS-
HEMT due to stable blocking characteristics by HfO2 gate insulator. VGS of –4 V 
was used for breakdown voltage measurement. Breakdown voltages of the 
AlGaN/GaN MOS-HEMTs with and without extended gate structure at 10 μm-
long LGD are 1460 and 1410 V, respectively. Thus, it is entirely fair to say that 
this extended TaN-gate provides innovate method to overcome the trade-off 
relationship between breakdown voltage and Ron,sp. 
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Figure 4-26: (a) Drain-leakage current of the AlGaN/GaN MOS-HEMTs with 
and without extended gate (b) gate-leakage current. 
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 MOS-HEMT with extended gate
 
Figure 4-27: Breakdown voltage of the AlGaN/GaN HEMT and MOS-HEMTs 
with and without extended gate. 
  




In this chapter, I proposed RF-sputtered TaN electrodes as gate and 
drain/source electrodes for the Au-free AlGaN/GaN MOS-HEMTs. TaN-
sputtering conditions such as sputtering power and working pressure were 
optimized to be implemented into the AlGaN/GaN MOS-HEMTs. The effects of 
thermal annealing for ohmic contact formation on the electrical and material 
properties of RF-sputtered TaN films were studied. In addition, I proposed and 
investigated the extended TaN-gate structure in the AlGaN/GaN MOS-HEMTs 
using RF-sputtered HfO2 gate insulator for low on-resistance. This devices had 
high figure-of-merit (FOM) of 872 MW·cm−2 and low specific on-resistance 
(Ron,sp) of 2.28 mΩ·cm–2 by the effectively reduced drain-source distance in the 
AlGaN/GaN MOS-HEMT using the extended TaN-gate structure and HfO2 gate 
insulator while the conventional MOS-HEMT had FOM of 734 MW·cm−2 and 
Ron,sp of 2.91 mΩ·cm–2. I summarized and compared the results including 
breakdown voltage and Ron,sp with the reported data by other groups 
previously in Fig. 4-28. 
  















































Figure 4-28: Ron,sp versus breakdown voltage. 
  







5 High-Voltage Technologies 
Employing RF-Sputtered Ga2O3-




Breakdown voltage is one of the most important requirement for power 
semiconductor devices in respect of safe-operation-area (SOA) and maximum 
delivering power into system or loads. Also, high-breakdown voltage devices 
have durability against abnormal current flow and electric shock. Although 
GaN has theoretically high critical electric field value and high figure-of-merits 
(FOMs) compared to other materials for power semiconductor devices, GaN 
power devices have not approached its material limitation because of 
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considerably amount of surface traps and thin GaN buffer layer. Lack of native 
substrate causes hardship to fabricate vertical GaN devices so that it is difficult 
to drive GaN devices effectively with lateral structures such as SBD, HEMT, and 
MESFET. Thus, research for high-voltage AlGaN/GaN HEMTs should be 
performed to overcome its material and structural demerits. 
As I introduced in chapter 2, various technologies such as edge 
termination structures and GaN buffer growth have been reported for high 
breakdown voltage. In case of field plates, which are widely used for the 
AlGaN/GaN HEMTs, precious control of distance between main gate and field 
plates, each lengths and thickness of passivation layer should be done. If the 
dimension is not optimized, breakdown voltage can be decreased by field plate 
structure. Moreover, field plates require additional photolithography steps.  
In this chapter, I propose a new technology for high breakdown voltage of 
the AlGaN/GaN HEMTs using RF-sputtered Ga2O3-based films. The AlGaN/GaN 
HEMTs are controlled by Schottky-type gate as shown in Fig. 5-1. When 
sufficiently high work-function metal is used for Schottky-gate, GaN/gate 
Schottky contact would have high Schottky barrier height (SBH). Then, 
thermionic field emission, which is dominant leakage current origin, is 
suppressed when doping concentration of GaN or AlGaN is relatively low. 
However, shallow traps, which act as donor states in GaN, provide low-
activation energy to contribute leakage current [129]. As shown in Fig. 5-2, the 
injected electrons from gate into deep traps cannot contribute to leakage 
current due to thick Schottky barrier compared to that trough swallow traps 
[31]. Thus, formation of deep traps may be effective to increase breakdown 
voltage of the AlGaN/GaN HEMTs. It is well known that the AlGaN/GaN HEMTs 
have unintentionally doping effects, which are originated from SiC susceptor 
during high-temperature GaN growth and nitrogen vacancies (VN) arising from 
dislocation and polarization charges. In this reason, post processes to form 
deep traps site and suppress shallow-trap effects is desirable. 
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Figure 5-2: Electrons transfer from gate to 2DEG through shallow and deep 
trap sites [31]. 
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5.2. Reported Deep Traps-Related 
Technologies in AlGaN/GaN Devices 
 
Effects of deep traps on reverse blocking characteristics of the 
AlGaN/GaN HEMTs have been studied by a few groups. H. Kim, et al., reported 
the suppression of gate leakage current in the AlGaN/GaN HEMT after thermal 
annealing at nitrogen ambient for 20 min [31]. They revealed the suppression 
effects were originated from deep traps generated by thermal annealing. The 
existence of deep traps were found by pulsed I-V measurement and the exact 
activation energies for shallow traps and deep traps before and after thermal 
annealing were quantitatively extracted.  
After their report, other methods to form deep traps in thee AlGaN/GaN 
HEMTs have been flown. O2 plasma treatment was found that it is effective to 
form Ga-O bonds, which act as deep traps [130]. Gate leakage current was 
reduced by about 4 orders after O2 plasma treatment at 40 W and 200 oC. Also, 
fluoride ion implantation into the AlGaN/GaN HEMT to form deep traps and 
suppress leakage current was reported as shown in Fig. 5-3 [131]. Gate 
leakage current was reduced by about 2 orders after CF4 plasma treatment. F-
related deep traps induced by CF4 treatment screened electron trapping into 
shallow traps and reduced leakage current. They revealed the measured gate 
leakage current well matched with Frenkel pools emission through traps site 
in the AlGaN/GaN heterostructure.  
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Figure 5-3: Energy band diagram of AlGaN/GaN Schottky interface for 
description of electron transfer through dislocation-related continuum states 
and F-related deep level [131]. 
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5.3. Post-Oxidation Process in AlGaN/GaN 
HEMTs 
 
In this section, I propose effects of post-oxidation process in AlGaN/GaN 
HEMT to improve reverse blocking characteristics. The mechanism of 
breakdown voltage improvement was studied [132]. Schematic of the 
fabricated AlGaN/GaN MOS-HEMT-on-SiC substrate using dry oxidation is 
shown in Fig. 5-4. The MOCVD-grown epitaxial layers consist of 10 nm-thick 
GaN cap/25 nm-thick Al0.26Ga0.74N barrier/3 μm-thick GaN buffer. The 270-
deep mesa was formed for device-to-device isolation. Ti/Al/Ni/Au 
(20/80/20/100 nm) was deposited for source/drain by using e-gun 
evaporator and lift-off. This was annealed at 880 oC for 40 s to form ohmic 
contact. Prior to dry oxidation, I dipped the device into 30:1 BOE for 30 s to 
remove native oxide. Then, this devices was annealed at 550 oC and O2 ambient 
for 5 min. And finally, the Ni/Au (30/150 nm) was formed for gate electrode 
by e-gun evaporator and lift-off. The gate length, gate–source distance, gate–
drain distance, and gate width were 3, 3, 20, and 50 μm, respectively.  
Breakdown voltage defined at drain leakage current of 1 mA/mm was 
increased from 180 to 830 V by dry oxidation. It was found that oxygen 
diffused into the AlGaN/GaN HEMTs and formed Ga-O and Al-O bonds after 
dry oxidation for 5 min at 550 oC as shown in secondary ion mass 
spectrometry (SIMS)-depth profile of Fig. 5-5. These SIMS profiles indicate 
that dry-oxidation is very useful to inject oxygen into GaN and form III-group 
oxide layer in the AlGaN/GaN HEMTs. What the results make clear at one is 
that breakdown voltage improvement is originated from Ga-O formation by 
dry oxidation. 
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Recently, a new method to increase breakdown voltage in the AlGaN/GaN 
HEMTs by wet oxidation at 500 oC for 5 min with N2 carrier gas of 20 sccm 
before gate formation was reported [133]. Schematic structure and 
breakdown voltage are shown in Fig. 5-6. The breakdown voltage, which was 
determined at drain leakage current of 1 mA/mm, was dramatically increased 
from 470 to 1674 V by suppressing electron transfer from gate to 2DEG though 
shallow traps. Auger electron spectroscopy (AES)-depth-profile (Fig. 5-7) 
indicates that wet oxidation using H2O enables much active penetration into 
the AlGaN/GaN heterostructure after wet oxidation. It is well known that H2O 
has high probability of penetration than O2 because of small molecule size so 
that more active reaction between GaN and oxygen occurs.  
However, post-oxidation under O2 and H2O ambient causes degradation 
of forward current due to considerable high-temperature process. I compared 
output I-V characteristics of three devices in Fig. 5-8; the conventional HEMT, 
the O2 annealed one, and the H2O annealed one. As I described in chapter 2, 
GaN is sensitive to high-temperature annealing due to introduction of surface 
traps so that slightly decreased current was found in output I-V after O2 and 
H2O annealing. In case of H2O annealing, considerable degradation of on-
resistance was observed. It may be originated from slightly oxidized 
source/drain electrodes by water vapor. In order to form III-oxide bonding in 
the AlGaN/GaN heterostructure by annealing, no passivation layer or thermal 
blocking layer were used. Thus, although O2 and H2O annealing are effective 
method to increase breakdown voltage in the AlGaN/GaN devices, annealing 
temperature, time, and ambient should be optimized to prevent degradation 
of forward current from high-temperature process.  
  
































Figure 5-4: Dry oxidation before gate formation (a) schematic of the device 
(b) breakdown voltage of the devices with and without dry oxidation [132]. 
4H-SiC substrate
25 nm Al0.26Ga0.74N barrier layer
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Figure 5-5: SIMS-depth profiles of AlGaN/GaN heterostructure (a) before and 
(b) after dry oxidation. 




























Figure 5-6: Wet oxidation before gate formation (a) schematic of the device 
(b) breakdown voltage of the devices with and without wet oxidation. 
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Figure 5-7: AES-depth profiles of AlGaN/GaN heterostructure before and 
after wet oxidation. 






























Figure 5-8: Output I-V characteristics of AlGaN/GaN HEMTs with and without 
dry and wet oxidation [133]. 
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5.4. Material Properties of RF-Sputtered 
Ga2O3 Films 
 
In order to confirm fundamental material properties of RF-sputtered 
Ga2O3 films, I fabricated test pattern using metal-oxide-metal (MIM) structure 
including Al-Ga2O3-Al on p+ Si substrate as shown in Fig. 5-9. 100 nm-thick Al 
were used for top and bottom electrodes by e-gun evaporator and lift off. Ga2O3 
was deposited with various thickness by RF-sputtering at room temperature. 
RF-power of 300 W, Ar flow of 15 sccm, and working pressure of 3 mTorr were 
used. As shown in Fig. 5-9 (b), RF-sputtered Ga2O3 shows good thickness 
controllability over sputtering power. The Ga2O3 sputtering rates for the 
powers of 50, 100, 150, and 200W were 0.19, 0.34, 0.6, and 0.83 Å /s, 
respectively. 
Room temperature process provides an advantage in respect of avoiding 
thermal degradation of the AlGaN/GaN HEMTs as a result after post-oxidation 
in section 5.3. Current-voltage (I-V) characteristics of the three-different 
sputtering power and thickness were measured to investigate electrical 
properties of RF-sputtered Ga2O3 films as shown in Fig. 5-9 (c). Leakage 
current through Ga2O3 film were divided by thickness. At high sputtering 
power of 150 W, unit leakage current is decreased but those breakdown 
voltage is not high below 1 V. At low sputtering power, Ga2O3 film shows 
slightly conductive properties. It may result from high sputtering conditions 
provides more dense films than low power. This experimental results show 
that RF-sputtered films are not suitable to form MOS structure in the 
AlGaN/GaN HEMTs.  
RF-sputtered Ga2O3 films doesn’t exhibit any crystallinity even substrate 
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was heated up to 300 oC as shown in X-ray diffraction (XRD) results of Fig. 5-
10. A peak at 54.6o corresponding to β-Ga2O3 phase (3 1 2, –5 1 2) [134]. These 
results lead to the conclusion that RF-sputtered Ga2O3 has amorphous β-phase 
including various bonds. Also, peaks position of X-ray photoelectron 
spectroscopy (XPS) well agrees with Ga2O3 (Ga3d: 20.2 eV, O1s: 530.5 eV) as 
shown in Fig. 5-11. 
  










































   
164 











































Figure 5-9: (a) Test pattern for measuring vertical leakage current (b) 
sputtering rate of Ga2O3 films with power variation (c) leakage current of the 
RF-sputtered Ga2O3 films at various sputtering powers. 
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Figure 5-10: XRD results of Ga2O3 films sputtered at room temperature and 
300 oC. 
 

























Figure 5-11: XPS results of RF-sputtered Ga2O3 film at room temperature.  
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5.5. Electrical Properties of AlGaN/GaN 
HEMTs Employing Ga2O3 Films 
 
In this section, electrical characteristics of the AlGaN/GaN HEMTs-on-SiC 
substrate using RF-sputtered Ga2O3 films are proposed to increase breakdown 
voltage. Schematic cross-sectional view of the AlGaN/GaN MOS-HEMTs-on-SiC 
substrate using RF-sputtered Ga2O3 film is shown in Fig. 5-12 [135]. The 
MOCVD-grown epitaxial layers consist of 3 nm-thick GaN cap/30 nm-thick 
Al0.26Ga0.74N barrier/3 μm-thick Fe-doped GaN buffer. The 270-deep mesa was 
formed for device-to-device isolation. Ti/Al/Ni/Au (20/80/20/100 nm) was 
deposited for source/drain by using e-gun evaporator and lift-off. This was 
annealed at 880 oC for 40 s to form ohmic contact. Prior to Ga2O3 sputtering, I 
dipped the device into 30:1 BOE for 30 s to remove native oxide. Then, 10 nm-
thick Ga2O3 was sputtered at 3 mTorr with Ar flow of 15 sccm at room 
temperature. Sputtering power was varied from 50 to 200 W. And finally, 
Ni/Au (30/150) was formed on Ga2O3 film by e-gun evaporator and lift off 
technique. The gate length, gate–source distance, gate–drain distance, and 
gate width were 3, 3, 20, and 50 μm, respectively. An unpassivated AlGaN/GaN 
HEMT was also fabricated for comparison purpose. 
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Figure 5-12: Schematic of AlGaN/GaN HEMT-on-SiC using RF-sputtered 
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5.5.1. Reverse Blocking Characteristics 
 
Figure 5-13 shows the drain and gate leakage currents of the Ga2O3-
passivated AlGaN/GaN HEMTs and the unpassivated sample at various 
sputtering powers. The drain and gate leakage currents were measured at a 
VGS of –10V and VDS of 100 V. The drain leakage current of the Ga2O3-passivated 
HEMTs decreases with decreasing sputtering power. The Ga2O3-passivated 
HEMTs have drain leakage currents of 63 nA/mm, 237 nA/mm, 1.7 μA/mm, 
and 181 μA/mm when the devices are sputtered at 50, 100, 150, and 200 W, 
respectively, compared to 52 μA/mm for the unpassivated sample. The 
sputtered Ga2O3 exhibits an amorphous phase comprising various bonding 
and nonbonding states such as Ga and O vacancies [136, 137]. Under reverse 
blocking mode, the drain-sided gate edge in the AlGaN/GaN HEMTs exhibits a 
high electric field, so hot electrons at the gate/GaN interface cause the leakage 
current as well as breakdown. Electrons injected into deep traps such as Ga 
vacancies have a low probability of de-trapping [31] and these suppress the 
surface leakage current, and extend the depletion region between gate and 
drain. 
However, a high sputtering power may have induced surface leakage 
current because of generation of VN in the AlGaN/GaN HEMTs [98, 138, 139]. 
VN are a surface leakage source and/or leakage current path by the trapping 
and de-trapping of electrons between shallow states and the conduction band 
of GaN [98]. A low sputtering power may decrease the density of VN by 
reducing sputtering damage on the surface. Therefore, a low sputtering power 
possibly suppresses the surface leakage current of a device. The AlGaN/GaN 
HEMT sputtered at 200 W shows an increased leakage current compared with 
Ga2O3-passivated HEMTs sputtered at other low powers. The Ga2O3-
passivated HEMTs exhibited leakage currents of –4.3 nA/mm, –45 nA/mm, –
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128 nA/mm, and –24 μA/mm when sputtered at 50, 100, 150, and 200 W, 
respectively. In comparison, the unpassivated HEMT exhibited a leakage 
current of –2.5 μA/mm.  
Figure 5-14 shows the Schottky barrier height (ΦBN) and extracted 
ideality factor (n) at a VGD of 0.5 V for the unpassivated device and the devices 
sputtered with Ga2O3 at various powers, based on gate-drain diode I–V 














)     (5.2) 
JS is the saturation current density obtained by diode I–V characteristics 
at a VGD of 0 V, A** is the effective Richardson constant assuming 26.64 
A/(cm·K)2, and the temperature is 300 K. The Ga2O3-passivated HEMTs 
sputtered at low powers have higher ΦBN values than the unpassivated sample 
because deep traps such as Ga vacancies in the Ga2O3 passivation layer may 
have captured electrons causing the conduction band of the gate-sided GaN 
cap to be lifted. The Ga2O3-passivated HEMTs had ΦBN of 0.895, 0.841, 0.823, 
and 0.634 eV when sputtered at powers of 50, 100, 150, and 200 W, 
respectively. The unpassivated sample exhibited a ΦBN of 0.715 eV. Damage to 
the AlGaN/GaN heterostructure by Ga2O3 sputtering at a high power may have 
caused a tunneling current via a thinned Schottky barrier and/or trap-assisted 
emission 
Figure 5-15 shows the breakdown voltage values of the Ga2O3-passivated 
HEMTs for various sputtering powers. The breakdown voltage is defined at a 
drain leakage current of 1 mA/mm. Breakdown voltage increases with 
decreasing sputtering power. The Ga2O3-passivated HEMT sputtered at 50 W 
shows a high breakdown voltage of 1430 V, while that of the unpassivated 
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sample is 520 V. The devices sputtered at 100 and 150 W exhibit breakdown 
voltage values of 890 and 820 V, respectively. However, the Ga2O3-passivated 
HEMT sputtered at 200W shows a breakdown voltage of 460 V, relatively low 
compared with those of the unpassivated device and devices passivated at 
other sputtering powers, which is attributed to increased leakage current 
caused by sputtering damage. Also, the breakdown voltage values of the 
Ga2O3-passivated HEMTs linearly increase with LGD, as shown in Fig. 5-15 (b). 
The injected electrons in the Ga2O3 passivation layer improve the extension of 
the depletion region between the gate and drain. The peak breakdown voltage 
of 2730 V was measured for a sputtering power of 50 W and LGD of 40 μm, 
while the unpassivated device exhibited a breakdown voltage of less than 600 
V. 
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Figure 5-13: Leakage current of AlGaN/GaN HEMTs using Ga2O3 films 
sputtered at various powers (a) drain leakage current (b) gate leakage current. 
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Figure 5-14: Gate-drain diode I-V of AlGaN/GaN HEMTs with and without 
Ga2O3 film sputtered at 50 W (b) ideality factor and Schottky barrier height. 
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Figure 5-15: Breakdown voltage characteristics of AlGaN/GaN HEMTs using 
Ga2O3 films sputtered at various powers (a) at 20 μm-long LGD (b) breakdown 
voltage value with LGD variation. 
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5.5.2. Switching Characteristics 
 
Figure 5-16 shows output characteristics of the unpassivated and Ga2O3-
passivated HEMTs. Output characteristics were measured while sweeping VGS 
from 2 to –6 at –2 V increments. Transfer curves were measured at VDS of 10 
V. Drain currents of the Ga2O3-passivated HEMTs sputtered at 50, 100, and 
150 W are not significantly different from the unpassivated sample. The drain 
currents of the unpassivated HEMT and Ga2O3-passivated HEMTs sputtered at 
50, 100, and 150 W are about 375 mA/mm at VGS of 0 V and VDS of 20 V, while 
that of the Ga2O3-passivated HEMT sputtered at 200 W is 424 mA/mm 
because of considerable sputtering damage. The unpassivated HEMT and 
Ga2O3-passivated HEMTs sputtered at 50, 100, and 150 W exhibit a threshold 
voltage of –4.4 V, as shown by the transfer characteristics of Fig. 5-17. 
However, the threshold voltage of the Ga2O3-passivated HEMT sputtered at 
200 W is decreased to –5.4 V because of a lowered ΦBN caused by sputtering 
damage.  
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Figure 5-16: Output I-V characteristics of AlGaN/GaN HEMTs with and 
without Ga2O3 films sputtered at various powers. 






























































Figure 5-17: Transfer characteristics of AlGaN/GaN HEMTs with and without 
Ga2O3 films sputtered at various powers. 
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5.5.3. Pulsed I-V Characteristics 
 
Figure 5-18 shows pulsed I–V characteristics of the unpassivated HEMT 
and the Ga2O3-passivated HEMT sputtered at 100 W, for verification of 
electron injection into deep traps and the extension of the depletion region. I 
swept static VDS from 0 to 20 V with pulsed VGS with the following conditions 
condition: pulse period of 1 ms, pulse widths of 100 and 10 μs, off-bias of –6 
V, and on-bias of 2 V. The pulsed drain current of the unpassivated HEMT is 
about three times larger than that of the Ga2O3-passivated HEMT at a pulse 
width of 100 μs. This indicates that the Ga2O3-passivated HEMT has trapping 
levels deeper than the surface states in the unpassivated HEMT. Thus, it 
should be concluded, from what has been stated above, that RF-sputtered 
Ga2O3 films are effective to increase breakdown voltage and suppress leakage 
current in the AlGaN/GaN HEMTs by deep trap states in RF-sputtered Ga2O3 
films. 
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Figure 5-18: Pulsed I-V characteristics of AlGaN/GaN HEMTs with and 
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5.6. Electrical Properties of AlGaN/GaN 
HEMTs Multiple Al2O3/Ga2O3 Stack 
Structure 
 
In this section, new multiple Al2O3/Ga2O3 stacks in the AlGaN/GaN 
HEMTs-on-Si substrate with under the gate in order to increase the 
breakdown voltage and VTH. This multiple Al2O3/Ga2O3 stacks are useful to 
extend depletion region under gate due to effective injection of electron from 
gate into Ga2O3 layer sandwiched by Al2O3 blocking layer. Ga2O3 layer which is 
sandwiched by Al2O3 acts as charge accumulation center due to the 
unintentionally formed gallium Vacancies (VGa) [140]. The accumulated 
electrons in Ga2O3 layer under the reverse bias deplete the electrons in bulk 
and 2DEG so that breakdown voltage and VTH are increased. 
The cross-sectional view of the proposed device is shown in Fig. 5-19 
[141]. A 3.8 μm-thick transition layer, 1.7 μm-thick unintentionally doped 
(UID) GaN buffer layer, a 20-nm-thick UID Al0.23Ga0.77N barrier layer, and a 4 
nm-thick UID GaN cap layer were grown on Si substrate in sequence by metal-
organic chemical vapor deposition. The mesa isolation was performed by BCl3 
and Cl2 based inductively coupled plasma-reactive ion etch to define active 
regions. Ohmic metal of Ti/Al/Ni/Au (20/80/20/100 nm) was formed by lift-
off and annealed at 880 oC for 40 s under N2 ambient. Prior to sputtering of the 
multiple Al2O3/Ga2O3 stacks, device was dipped in 30 : 1 buffered oxide 
etchant to remove native oxide. 10 nm-thick multiple Al2O3/Ga2O3 stacks were 
sputtered at room temperature under Ar ambient. The stacks with five layers 
consisted of 2 nm-thick Al2O3 and 2 nm-thick Ga2O3. I applied the low power 
of 50 W for suppressing sputtering damage on the surface. Finally, Schottky 
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contact of Ni/Au (30/150 nm) was formed by liftoff. 
I also fabricated two conventional devices which had no passivation layer 
and only 10 nm-thick Al2O3 for comparison purpose. A gate width, a gate 
length, and a gate–drain distance were 50, 3, and 20 μm, respectively. 
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5.6.1. Reverse Blocking Characteristics 
 
Figure 5-20 shows the drain leakage current of the devices. The drain 
leakage was measured at VGS of –10 V and VDS of 100 V. The drain leakage 
current of the unpassivated device and the device with only Al2O3 are 654 and 
1.8 μA/mm while that of the proposed device with the multiple Al2O3/Ga2O3 
stacks is 33 nA/mm. The electron trapping through shallow states on the 
surface can cause leakage current of the AlGaN/GaN HEMTs. The unpassivated 
device shows the high leakage current. The suppression of the leakage current 
due to Al2O3 indicates that the sputtered Al2O3 passivates the surface of GaN 
cap layer so that the electron trapping into surface states is suppressed. The 
accumulated electrons in Ga2O3 sandwiched by Al2O3 extend the depletion 
region so that the proposed device with the multiple Al2O3/Ga2O3 stacks 
shows the less leakage current than the other devices. It has reported that 
Ga2O3 layer which is sandwiched by Al2O3 acts as charge accumulation center. 
Figure 5-21 shows the two-terminal breakdown voltages of the devices. 
The breakdown voltage is defined at the leakage current of 1 mA/mm. The 
unpassivated device shows the low breakdown voltage of 380 V. However, the 
breakdown voltage of the devices with only Al2O3 and the multiple 
Al2O3/Ga2O3 stacks achieve 1050 and 1104 V, respectively. Our experimental 
results show that the breakdown voltage of the fabricated devices with the 
longer gate–drain distance than 20 μm is limited to 1104 V. A small difference 
of the breakdown voltage between the proposed device with the multiple 
Al2O3/Ga2O3 stacks and the device with only Al2O3 is attributed to the 
breakdown at interface between transition layer and Si substrate [57]. 
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Figure 5-20: Drain leakage current of AlGaN/GaN HEMTs with and without 
Al2O3 and multiple Al2O3/Ga2O3 stacks. 
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Figure 5-21: Breakdown voltage characteristics of AlGaN/GaN HEMTs with 
and without Al2O3 and multiple Al2O3/Ga2O3 stacks. 
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5.6.2. Switching Characteristics 
 
Figure 5-22 shows the output characteristics of the devices. They are 
measured with sweeping VGS from 2 to –4 V in –2 V increment. The proposed 
device with the multiple Al2O3/Ga2O3 stacks shows a high saturation current. 
The drain current of the devices with the multiple Al2O3/Ga2O3 stacks and only 
Al2O3, and the unpassivated device are 305, 221, and 224 mA/mm at VGS of 2 
V and VDS of 20 V, respectively. The injected holes in Ga2O3 layer of the 
proposed device under the forward bias may accumulate more electrons in a 
quantum well of 2DEG than the unpassivated device with Ni/GaN Schottky 
contact. However, the sputtering damage on AlGaN/GaN heterostructure may 
degrade the slope of current–voltage (I–V) and the knee voltage. I fabricated 
the test pattern in order to verify the degradation of on-resistance in the 
HEMT with only Al2O3 and device with the multiple Al2O3/Ga2O3 stacks. The 
structure of test pattern and the I–V results before and after the sputtering the 
multiple Al2O3/Ga2O3 stacks are shown in Fig. 5-23. The degradation of 
current in test pattern may be caused by sputtering damage on the AlGaN/GaN 
heterostructure. Recently, the degradation of electron concentration and 
mobility by SiO2 sputtering damage has been reported [98]. 
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Figure 5-22: Output I-V characteristics of AlGaN/GaN HEMTs with and 
without Al2O3 and multiple Al2O3/Ga2O3 stacks. 
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Figure 5-23: Test pattern including two-ohmic pad (a) top-view of the pattern 
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5.6.3. Shift of Threshold Voltage and Hysteresis 
Phenomena 
 
Figure 5-24 shows the transfer characteristics at VDS of 5 V. The VTH is 
determined at drain current of 1 mA/mm. The VTH of the device with only Al2O3 
is negatively shifted from –2 to –2.2 V because the distance from gate to 2DEG 
is increased. The VTH of the proposed device with the multiple Al2O3/Ga2O3 
stacks is –1.4 V because the injected electrons at reverse bias deplete the 2DEG. 
The decrease of drain current is caused by sputtering damage on the 
AlGaN/GaN heterostructure. Also electrons injection from gate into the 
multiple Al2O3/Ga2O3 stacks during the device operation contributes the 
decrease of drain current.  
The charge accumulation of the proposed devices is investigated by 
capacitance–voltage (C–V) measurement as shown in Fig. 5-25. The 
capacitance between gate and drain was measured under both positive and 
negative directions at 1 MHz. The proposed device with the multiple 
Al2O3/Ga2O3 stacks achieves the higher on-state capacitance than the 
unpassivated one because the charges are accumulated in Ga2O3. The high on-
state capacitance of the proposed device agrees well with the high saturation 
current. The proposed device with the multiple Al2O3/Ga2O3 stacks shows a 
large hysteresis. The large hysteresis induces the positive shift of VTH, the 
suppression of leakage current, and the increase of saturation current. The 
injected charge density of 9.72×1014 cm2·eV–1 is extracted by subthreshold 
characteristics in transfer curve and C–V characteristics [40]. 
Finally, I deposited 300 nm-thick SiO2 layer on the proposed device with 
the multiple Al2O3/Ga2O3 stacks by using inductively coupled plasma-chemical 
vapor deposition (ICP-CVD). The negative DC stress makes the condition of 
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the electron accumulation in the stacks and the enhanced depletion. I 
measured the transfer characteristics of the proposed device with and 
without final SiO2 layer before and after negative DC stress. Figure 5-26 shows 
the measured transfer characteristics before and after negative DC stress (VGS 
of –10 V for 100 s). Two kinds of integration time (Tintegration: 16.7 and 100.2 
ms) were used for verifying the degradation of drain current during the 
measurement. In case of the device without SiO2 passivation layer and DC 
negative stress, the drain current with Tintegration of 16.7 ms is higher than that 
with Tintegration of 100.2 ms. Degradation of drain current during the 
measurement is caused by charge injection into the surface traps [142]. The 
drain current is decreased and the VTH is shifted from –1.4 to 0.12 V at Tintegration 
of 100.2 ms after DC negative stress. 
 In case of the proposed device with SiO2 passivation layer on the 
multiple Al2O3/Ga2O3 stacks, the transfer characteristics are not significantly 
changed even longer stress time as shown in Fig. 5-27. The results before and 
after DC stress reveal that the improvement of breakdown voltage and VTH in 
the proposed device is originated from charge accumulation in the multiple 
Al2O3/Ga2O3 stacks because the SiO2 blocks the charge injection from gate into 
surface of the multiple Al2O3/Ga2O3 stacks.  
 
   
188 









0.16  Unpassivated AlGaN/GaN HEMT



























Figure 5-24: Transfer characteristics of AlGaN/GaN HEMTs with and without 
Al2O3 and multiple Al2O3/Ga2O3 stacks. 
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Figure 5-25: Capacitance-voltage characteristics of AlGaN/GaN HEMTs with 
and without multiple Al2O3/Ga2O3 stacks. 
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Figure 5-26: Transfer characteristics of AlGaN/GaN HEMTs with and without 
negative DC stress and different integration time. 
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Figure 5-27: Transfer characteristics of AlGaN/GaN HEMTs using multiple 
Al2O3/Ga2O3 stacks and SiO2 passivation with three-different DC stress 
conditions. 




In this chapter, I proposed new method to increase breakdown voltage in 
AlGaN/GaN HEMT-on-SiC substrate using RF-sputtered Ga2O3-based thin film. 
Breakdown voltage was considerably increased because of electron injection 
from the gate into deep traps in the sputtered Ga2O3 passivation layer. The 
breakdown voltage of Ga2O3-passivated HEMTs with a LGD of 20 μm and 
sputtered at 50, 100, 150, and 200 W were 1430, 890, 820, and 460 V, 
respectively, while that of an unpassivated sample was 520 V. Breakdown 
voltage increased with decreasing Ga2O3 sputtering power. In addition, 
breakdown voltage linearly increased with LGD for the Ga2O3-passivated 
HEMTs because electrons injected into deep traps successfully extended the 
depletion region between the gate and drain. I achieved breakdown voltage of 
2730 V using a sputtering power of 50 W and LGD of 40 μm. 
In the latter half, 10 nm-thick multiple Al2O3/Ga2O3 stacks was proposed 
to improve reverse blocking characteristics in AlGaN/GaN HEMT. The 
proposed device achieves the high breakdown voltage of 1104 V and VTH of –
1.4 V while those of the unpassivated one exhibits 380 and –2 V. The 
unintentionally formed Ga vacancies in the multiple Al2O3/Ga2O3 stacks act as 
accumulation center under gate. I have investigated the effects of charge 
injection into the multiple Al2O3/Ga2O3 stacks on the electrical properties of 
the AlGaN/GaN HEMTs by various measurements such as C–V, pulse I–V, and 
I–V with DC stress. The charge accumulation induced the improvement of 
leakage current and breakdown voltage. The suppression of current 
degradation by final SiO2 deposition indicated that the charge accumulation in 
Ga2O3 layer is dominant mechanism of the breakdown improvement. The 
AlGaN/GaN HEMT with the multiple Al2O3/Ga2O3 stacks is suitable for a high-
voltage operation and shows the possibility of normally-off operation. 









AlGaN/GaN HEMTs have received a considerable amount of attention for 
high-power applications due to their wide bandgap properties, such as a high 
critical electric field, a high thermal conductivity, and a low intrinsic carrier 
concentration. In addition, an AlGaN/GaN heterostructure offers high-density 
and high-mobility two-dimensional electron gas (2DEG) by piezoelectric 
polarization between AlGaN barrier and GaN buffer layer, meaning that 
AlGaN/GaN HEMTs exhibit a high breakdown voltage and a low on-resistance. 
However, the surface leakage current by an electron trapping and trap-
assisted tunneling at the Schottky/GaN interface are critical issues in the 
AlGaN/GaN heterostructure devices. Suppression of the leakage current and 
high breakdown voltage are indubitably important to achieve a low off-state 
power loss and high-conversion efficiency without device failure. The MOS is 
suitable structure for the high-voltage AlGaN/GaN HEMTs because the gate 
insulator suppresses the leakage current and effectively prevent the parasitic 
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diodes operation. 
The RF-sputtered HfO2 was studied for uses in the gate insulator of the 
AlGaN/GaN MOS-HEMTs and sputtering conditions such as sputtering power 
and working pressure were optimized. The electrical and materials properties 
of HfO2 at the various sputtering conditions were verified by X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS), and Auger electron 
spectroscopy (AES). Also, the effects of post-deposition annealing (PDA) on 
the HfO2 were investigated. The high breakdown voltage in the test pattern 
including 15 nm-thick HfO2 on p-type Si substrate was increased from 42 to 
78 V after PDA at 900 oC for 2 hours. 
The AlGaN/GaN MOS-HEMT-on-Si using RF-sputtered HfO2 gate insulator 
exhibited the high breakdown voltage of 1524 V, the low drain leakage current 
of 67 pA/mm at VDS= 100 V and VGS= –10 V, and high on/off current ratio of 
2.37×1010 while the conventional HEMT had 470 V, 192 μA/mm, 7.61×103, 
respectively. The improvement mechanism of breakdown voltage through 
HfO2 gate insulator was studied by measuring various electrical 
characteristics. This was done with the separated two-factors including 
passivation effects and blocking capability of HfO2 gate insulator. Both 
forward- and reverse-gate blocking characteristics of the AlGaN/GaN MOS-
HEMTs using HfO2 gate insulator were evaluated. In addition, suppression of 
electron trapping due to surface passivation was verified by pulsed I-V 
characteristics and capacitance-voltage characteristics. Finally, interface traps 
density (Dit) was evaluated by terman’s method and high-frequency 
capacitance-voltage characteristics so that Dit of 6×1012 cm–2·eV–1 at the 
energy level of 0.1 eV below conduction energy minimum.  
Au-free fabrication is promising technologies for the CMOS-compatible 
process of the AlGaN/GaN devices. Also, it has an advantage in terms of the 
fabrication cost and large-wafer process. TaN was proposed to replace the 
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gold-based electrodes in the AlGaN/GaN MOS-HEMTs-on-Si. The material and 
electrical properties were verified after PDA by XRD, scanning electron 
microscopy (SEM), and 4-point probe. Also, the sputtering conditions such as 
sputtering power and working pressure were optimized to obtain the low-
resistance electrode and suppress sputtering damage to HfO2 gate insulator. 
The TaN-gate AlGaN/GaN MOS-HEMTs with 15 nm-thick HfO2 gate insulator 
showed high on/off current ratio of 4.56×1010 and high breakdown voltage of 
1460 V at gate-drain distance of 10 μm. Also, the fully Au-free devices using 
TaN-gate and Ti/Al/TaN-source/drain showed on/off current ratio of 2.0×109 
without any considerable degradation. 
The extended-gate structure was proposed to reduce specific on-
resistance (Ron,sp) without any additional GaN epitaxial growth and 
lithography techniques by removing the redundant gate-source space in the 
AlGaN/GaN MOS-HEMTs-on-Si. The extended TaN-gate overlapped the source 
with 15 nm-thick HfO2 insulation. By using this structure, the Ron,sp was 
successfully reduced from 2.91 to 2.28 mΩ·cm2 in the device with 10 μm-long 
LGD. High-k characteristics and higher dielectric breakdown voltage of the HfO2 
gate insulator than |VTH| facilitated the stable on/off switching. This device 
also exhibited high breakdown voltage of 1410 V, high on/off current ratio of 
4.97×1010, and high figure-of-merit of 872 MW·cm−2. 
A new method to increase the breakdown voltage trough RF-sputtered 
Ga2O3 and Al2O3 films without any termination structure was proposed. The 
sputtering power considering sputtering damage to the GaN surface was 
optimized to suppress the leakage current. An electron injection into the 
unintentionally formed deep traps in the amorphous Ga2O3 films extended 
depletion region under the gate and increased the breakdown voltage. The 
deep traps have a relatively long emission time so that the surface leakage 
current, which originated from the shallow traps, would be suppressed. The 
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AlGaN/GaN HEMT-on-SiC with 20 μm-long LGD and Ga2O3 passivation 
sputtered at 50, 100, 150, and 200 W exhibited breakdown voltage of 1430, 
890, 820, and 460 V, respectively while that of the unpassivated device was 
520 V. Also, high breakdown voltage exceeding 2.7 kV at sputtering power of 
50 W and 40 μm-long LGD was obtained. In addition, Al2O3/Ga2O3 multiple 
stacks by RF-sputtering were employed to reduce the leakage current and shift 
threshold voltage positively in the AlGaN/GaN HEMTs-on-Si. The breakdown 
voltage in the device using the stacks was increased from 380 to 1104 V and 
drain leakage current was decreased from 1.8 μA/mm to 33 nA/mm by the 
electrons accumulation in the stacks. The threshold voltage was shifted from –
2 to –1.4 V and this was shifted to 0.12 V after DC stress at VGS= –10 V for 100 s. 
I summarized devices structure and electrical characteristics of the 
proposed devices in this dissertation in Table 6-1 and Table 6-2. This research 
is meaningful in devices structure aspect. I reported high-quality RF-sputtered 
HfO2 gate insulator and a new method using RF-sputtered Ga2O3 films to 
improve breakdown voltage in AlGaN/GaN HEMTs for the first time. In addition, 
a new method using TaN-based electrodes for Au-free fabrication in 
AlGaN/GaN power devices. Taking advantages of the proposed methods to 
improve device performance, I proposed an extended gate structure using RF-
sputtered HfO2 gate insulator and TaN-gate. By this structure, the on-resistance 
was rather improved with high breakdown voltage. 
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Table 6-1: Summary of devices structure used in this dissertation. 











































A: AlGaN/GaN MOS-HEMT-on-Si using HfO2 gate insulator (section 3.5) 
B: AlGaN/GaN MOS-HEMT-on-Si using HfO2 gate insulator and TaN-gate (section 4.4) 
C: Au-free AlGaN/GaN-on-Si MOS-HEMT using HfO2 gate insulator, TaN-gate, and 
Ti/Al/TaN-source/drain (section 4.5) 
D: AlGaN/GaN MOS-HEMT-on-Si using HfO2 gate insulator and extended TaN-gate 
(section 4.6) 
E: AlGaN/GaN HEMT-on-SiC using Ga2O3 passivation (section 5.5) 
F: AlGaN/GaN HEMT-on-Si using Al2O3/Ga2O3 stacks (section 5.6) 
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Table 6-2: Summary of electrical characteristics of the proposed devices used 
in this dissertation. 
 
Drain leakage current 
(VDS=100 V) 
On current 
(VGS= 2 V, VDS= 10 V) 
Breakdown voltage 
A 67 pA/mm (VGS= –10 V) 299 mA/mm 1526 V 
B 17 pA/mm (VGS= –10 V) 333 mA/mm 1460 V 
C 174 pA/mm (VGS= –10 V) 269 mA/mm - 
D 18 nA/mm (VGS= –4 V) 430 mA/mm 1410 V 
E 64 nA/mm (VGS= –10 V) 400 mA/mm 
1428 V (20 μm) 
2730 V (40 μm) 
F 33 nA/mm (VGS= –10 V) 39 mA/mm 1104 V 
 
A: AlGaN/GaN MOS-HEMT-on-Si using HfO2 gate insulator (section 3.5) 
B: AlGaN/GaN MOS-HEMT-on-Si using HfO2 gate insulator and TaN-gate (section 4.4) 
C: Au-free AlGaN/GaN-on-Si MOS-HEMT using HfO2 gate insulator, TaN-gate, and 
Ti/Al/TaN-source/drain (section 4.5) 
D: AlGaN/GaN MOS-HEMT-on-Si using HfO2 gate insulator and extended TaN-gate 
(section 4.6) 
E: AlGaN/GaN HEMT-on-SiC using Ga2O3 passivation (section 5.5) 
F: AlGaN/GaN HEMT-on-Si using Al2O3/Ga2O3 stacks (section 5.6) 
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초    록 
 
본 논문에서는 AlGaN/GaN 전력소자의 누설전류와 항복전압 
특성의 개선을 위한 방법으로 RF-스퍼터링 게이트 절연막을 
제안하였다. 또한, RF-스퍼터링에 의해 증착된 박막의 재료적, 전기적 
특성과 함께 절연막/GaN의 계면 특성을 분석하였다. 그리고, 소자의 
전기적 특성을 향상시키기 위한 새로운 구조를 제안하고, 제작과 
분석을 통해 검증하였다.  
최근, AlGaN/GaN HEMTs는 높은 임계전계와 높은 열전도도, 낮은 
진성캐리어 농도 특성과 함께 활발하게 연구가 진행되고 있다. 또한, 
AlGaN/GaN 이종접합은 높은 전자 이동도와 농도를 갖는 2DEG 
채널층을 형성하여 Si 소자 대비 매우 낮은 온-저항을 보인다. 따라서, 
AlGaN/GaN HEMTs는 차세대 전력반도체로 적합하다고 할 수 있다. 
하지만, AlGaN/GaN 이종접합에서의 전자트래핑과 쇼트키/GaN 
계면에서의 전자 터널링은 표면 누설전류를 유발하여 여전히 
해결되어야 될 문제점으로 남아있다. 누설전류의 억제와 항복전압의 
증가는 오프 상태의 전력손실과 높은 전력변환 효율을 위해 매우 
중요하다. MOS 구조는 게이트 절연막이 효과적으로 표면 누설전류를 
억제하고, AlGaN/GaN HEMTs의 게이트-소스, 게이트-드레인의 기생 
다이오드의 동작을 억제하는데 유용하다.  
RF-스퍼터링 HfO2를 AlGaN/GaN MOS-HEMTs의 게이트 
절연막으로의 적용을 제안하였으며, 압력과 스퍼터링 전력 등의 
스퍼터링 조건을 최적화함으로써 우수한 절연특성을 확보하였다. 또한, 
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다양한 스퍼터링 조건에서 증착된 HfO2 게이트 절연막의 재료적, 
전기적 특성의 분석을 위해, XRD, XPS, AES 측정을 하였다. 그리고, 
후처리 열공정의 효과도 함께 분석하였다. p-type Si 기판 위에 증착된 
15 nm 두께의 HfO2는 900 
oC에서 2시간의 어닐링 이후 항복전압은 
42 V에서 78 V로 증가함을 확인하였다.  
RF-스퍼터링에 의한 HfO2를 적용한 AlGaN/GaN MOS-HEMTs-
on-Si은 1524 V의 높은 항복전압과 함께 VDS= 100 V, VGS= –10 V 
기준에서 67 pA/mm의 낮은 드레인 누설전류, 2.37×1010의 높은 
온/오프 전류비를 보였다. 반면에, 게이트 절연막이 없는 AlGaN/GaN 
HEMTs의 경우 470 V의 항복전압과 192 μA/mm의 드레인 누설전류, 
7.61×103의 온/오프 전류비를 보였다. HfO2 게이트 절연막을 적용한 
AlGaN/GaN MOS-HEMTs 소자에서의 항복전압 증가 매커니즘을 
분석하기 위하여 다양한 전기적 특성을 분석하였다. 항복전압 증가의 
원인을 표면 패시베이션 효과와 게이트 누설전류의 차단 특성의 두 
가지 효과로 나누어서 분석하였다. 게이트-드레인 MOS 다이오드에서 
순방향과 역방향 차단 특성 모두 크게 향상되었고, 펄스 I-V와 C-V 
특성을 통해 평가된 전자 트래핑 현상 또한 효과적으로 억제되었음을 
확인하였다. 마지막으로, 고주파 C-V 특성을 사용하는 Terman 
방법으로 계면전하밀도 (Dit)를 추출하였다. 전도대로부터 0.1 eV 
아래에서 6×1012 cm–2·eV–1 의 양호한 수준의 계면전하밀도 값을 
확보하였다.  
골드-프리 공정의 AlGaN/GaN 소자와 CMOS 공정의 호환성을 
위해서 매우 유망한 기술이다. 골드-프리 공정은 CMOS 공정과 함께 
공정 단가를 획기적으로 줄일 수 있으므로 미래 전력반도체 산업에서 
더욱 중요성이 부각될 것이다. 본 논문에서는 AlGaN/GaN MOS-
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HEMTs-on-Si에서 골드 기반의 전극을 대체하기 위한 목적으로 
TaN을 제안하였다. 재료적, 전기적 특성의 분석을 위해서 후처리 
열공정 전과 후의 XRD, SEM, 4 point probe를 통한 분석을 하였다. 
또한, 낮은 전극 저항과, 하부층인 AlGaN/GaN 이종접합구조로의 
스퍼터링 데미지를 줄이기 위해서 스퍼터링 파워와 압력 등을 
최적화하였다. TaN 게이트를 Ni/Au 대신 적용한 AlGaN/GaN MOS-
HEMTs는 10 μm의 게이트-드레인 거리에서 4.56×1010의 높은 
온/오프 전류비와 1460 V의 항복전압을 보였으며, 게이트와 함께 
Ti/Al/TaN을 소스와 드레인을 적용한 소자는 2.0×1010 의 온/오프 
전류비를 보였다.  
다음으로는 별도의 GaN 성장기술과 사진공정 없이 AlGaN/GaN 
MOS-HMETs-on-Si의 온-저항(Ron,sp)을 감소시키기 위한 방법으로 
게이트-소스 간격을 제거된 연장된 게이트 구조를 제안하였다. 이 구
조는 TaN 게이트의 일부분이 소스 상단에 겹친 구조로 HfO2 게이트 
절연막으로 절연된다. 따라서 드레인-소스 간격의 감소와 함께 온-저
항이 2.91 mΩ·cm2에서 2.28 mΩ·cm2로 크게 감소하였다. 게이트 절연
막의 높은 유전상수와 AlGaN/GaN MOS-HEMTs의 문턱전압의 절대값 
이상의 절연막 항복전압은 안정적인 온/오프 동작을 위해서 필수적인 
요소이다. 따라서, 연장된 TaN 게이트 구조를 통해 4.97×1010의 높은 
온/오프 전류비와 872 MW·cm−2의 성능지수, 1410 V의 높은 항복전압
을 보였다.  
마지막으로, 별도의 마감구조의 적용 없이 높은 항복전압의 구현을 
위한 방법으로 RF-스퍼터링 방식을 통한 Ga2O3과 Al2O3 박막의 
적용을 제안하였다. GaN 표면으로의 스퍼터링 데미지와 AlGaN/GaN 
HEMTs에서의 표면 누설전류를 억제하기 위하여 스퍼터링 조건을 
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최적화하였다. 비정질 Ga2O3 내부의 깊은 에너지를 갖는 트랩으로의 
전자의 트래핑을 활용함으로써 게이트 하단의 공핍층을 효과적으로 
확장시킴에 따라 항복전압이 크게 증가하였다. 깊은 에너지를 갖는 
트랩은 상대적으로 긴 전자의 방출 시간을 보이므로, 얕은 에너지 
준위로 인한 표면 누설전류가 효과적으로 억제될 수 있다. 제작된 
AlGaN/GaN HEMTs-on-SiC에서 Ga2O3 패시배이션을 50, 100, 150, 
그리고 200 W에서 진행하였을 경우 항복전압은 각각 1430, 890, 820, 
그리고 460 V로 측정되었다. 반면에 패시베이션을 하지 않은 기본 
소자의 경우 520 V로 상대적으로 낮은 항복전압이 측정되었다. 그리고 
50 W에서 Ga2O3 패시베이션을 진행한 AlGaN/GaN HEMTs 소자는 40 
μm의 게이트-드레인 간격에서 2.7 kV의 높은 항복전압이 측정되었다. 
또한, 더욱 효과적인 누설전류의 억제와 문턱전압의 양의 방향으로의 
이동을 위한 구조로서, RF-스퍼터링에 의한 Al2O3/Ga2O3 다층구조를 
적용한 AlGaN/GaN HEMTs를 제안하였다. Al2O3/Ga2O3 다층구조를 
통해서 AlGaN/GaN HEMTs의 항복전압이 380 V에서 1104 V로 
증가하였으며 드레인 누설전류는 1.8 μA/mm에서 33 nA/mm로 
감소하였다. 또한 문턱전압은 –2 V에서 –1.4 V로 증가하였고 VGS= –10 
V를 100초동안 DC 스트레스 이후 문턱전압이 0.12 V로 이동함을 
것을 확인하였다.  
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